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This thesis describes the synthesis, characterization, and photophysical 
properties of a novel series of p-cyclodextrin-substituted silicon(IV) phthalocyanines. 
Their in vitro photodynamic activities as well as supramolecular assemblies with 
porphyrins are also reported. 
Chapter 1 presents an introduction of phthalocyanines, including their general 
synthetic methodologies and properties. In addition，their applications as 
second-generation photosensitizers for photodynamic therapy as well as the 
supramolecular chemistry of these macrocycles are briefly reviewed. At the end of 
this chapter, selected examples of phthalocyanine-cyclodextrin supramolecular 
systems are also described. 
Chapter 2 describes the synthesis and spectroscopic characterization of a series 
of silicon(IV) phthalocyanines axially substituted with two permethylated 
p-cyclodextrins through different spacers. The basic photophysical properties, 
aggregation behavior, and in vitro photodynamic activities of these compounds have 
been investigated. These phthalocyanines, in particular the one bearing a pentyl 
spacer (compound 59b), are highly potent against HT29 human colon 
adenocarcinoma and HepG2 human hepatocarcinoma cells with IC50 values down to 
40 nM. The cellular uptake and subcellular localization have also been studied by 
confocal laser-scanning microscopy. Phthalocyanine 59b shows a high and selective 
affinity to the lysosomes of HT29 cells. 




Chapter 3 discusses the preparation, photophysical properties, and 
photodynamic effects of a series of unsymmetrically substituted 
p-cyclodextrin-appended silicon(IV) phthalocyanines. In addition to a 
permethylated P-cyclodextrin axial group, these compounds also have a diamino or 
isopropylidene-protected galactose or glucose axial substituent. These compounds 
exhibit a higher photocytotoxicity against both HT29 and HepG2 cells compared with 
the bis(cyclodextrin) substituted analogue. The IC50 values are 2 to 5-fold lower 
with values as low as 21 nM. The cellular uptake and subcellular localization of 
, these compounds have also been examined by confocal microscopy. The compound 
, with a diamino axial group also shows a high affinity toward the lysosomes of HT29. 
I 
Chapter 4 reports the formation of inclusion complexes between a series of 
I . 
J P-cyclodextrin-containing silicon(IV) phthalocyanines and a tetrasulfonated porphyrin 
I through host-guest interactions in aqueous media. The complexation has been 
I 
studied by various spectroscopic methods. Both photoinduced electron- and 
energy-transfer processes have been revealed for these systems. These host-guest 
interactions thus provide a new strategy to construct mixed phthalocyanine and 
porphyrin systems which are excellent models for the study of light-induced energy-
and electron-transfer processes. 
' 1 13 1 
H, C{ H} NMR, and mass spectra of all the new compounds are given in the 
r 
Appendix. 
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高的光毒性，其光毒性提高了 2 -5倍，IQG值低至20 n M。我們 
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1.1.1 History of Phthalocyanines 
Phthalocyanines (Pes) were firstly discovered by Braun and Tschemiac, who 
worked at the South Metropolitan Gas Company (London) in 1907. The compounds 
were found as colored side products during the preparation of o-cyanobenzamide from 
phthalimide and acetic acid at high temperature.^ In 1927, de Diesbach and von der 
Weid of the Fribourg University obtained an extremely stable blue material when they 
• • 2 
refluxed o-dibromobenzene with copper cyanide in pyridine. It was the second time 
Pes were reported. 
The structures of these blue materials were determined by Linstead of the 
Imperial College (London) in 1928. He was attracted to these blue substances as he 
thought they might be of academic interest. Linstead used a combination of 
elemental analysis, ebullioscopic molecular mass determination, and oxidative 
degradation to arrive the correct structure for metal-free Pc [Figure 1.1(a)]. He 
showed that Pc is a symmetrical macrocycle composed of four benzoindole nuclei 
fused via nitrogen bridges with a central cavity of sufficient size to chelate with metal 
• 3 • 
ions. It is structurally related to porphyrin [Figure 1.1(b)] except for the four 
additional benzo-subunits and the nitrogen atoms at the four meso positions. The 
compound was predicted to exhibit an aromatic behavior owing to its planar 
conjugated 18-兀-electron system as predicted by the Huckel's theory of aromaticity. 
Linstead conceived the name phthalocyanine as a combination of the prefix phthal, 
originating from the Greek naphtha (rock oil), and the Greek cyanine (dark blue). 
The pioneering work on Pc at Imperial College was continued, including the 
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preparation of naphthalocyanines,^ synthesis of analogous heterocycles,^ and the 
complexation of Pc with different metal ions.^ Unfortunately, the research was 
interrupted by the Second World War. 
(a) (b) 
V N H N - / ^ N H 
N^ y C 1 
V-NH V-N HN--\ 
Figure 1.1 Structures of (a) metal-free phthalocyanine and (b) the simplest 
porphyrin. 
1.1.2 General Synthesis 
Linstead's investigation on Pc had led to a series of publications describing the 
structure of Pc and experimental details for the preparation of Pes from phthalonitrile 
(o-dicyanobenzene), which is still considered as the best precursor for Pc synthesis on 
a laboratory scale.^ 
Unsubstituted Pes 
Unsubstituted metal-free phthalocyanine (HiPc) can be easily prepared from 
phthalonitrile (1) as shown in Scheme 1.1. Upon treatment with a small amount of 
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Li in refluxing pentanol, LizPc is initially found, which undergoes demetallation upon 
hydrolysis to give H2PC (2).^ Alternatively, cyclotetramerization can be achieved by 
using a reducing agent such as hydroquinone^ or a non-nucleophilic hindered base 
such as l,8-diazabicyclo[4.3.0]non-5-ene ( D B N ) � � Apart from these methods, 
phthalocyanine 2 can also be prepared by condensation of diiminoisoindoline (3), 
which is prepared by bubbling ammonia gas to phthalonitrile in methanol under 
relatively mild conditions." 
^ ^ C N i, ii or i i i n:=:( 
O C ^ N N 
phthalonitrile 
1 \ ^ 
i X X H2PC 





Scheme 1.1 Synthesis of HiPc. Reaction conditions: (i) Li, refluxing pentanol, 
followed by aqueous hydrolysis, (ii) Fuse with hydroquinone. (iii) Heat 
with DBN in pentanol. (iv) Ammonia gas and NaOMe in refluxing 
methanol, (v) Reflux in a high boiling alcohol. 
Most metallo-phthalocyanines (MPcs) can be conveniently prepared from 
phthalonitrile (1) or diiminoisoindoline (3) using the metal ions as templates for 
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cyclization (Scheme 1.2). Phthalimide (4) and phthalic anhydride (5) are two other 
commonly used precursors. In the presence of metal salts (e.g. copper(II) acetate 
and nickel(II) chloride) and a source of nitrogen (e.g. urea), the corresponding MPcs 
can be formed. In addition, the reactions between H2PC (2) or Li2Pc with metal salts 
also produce almost all MPcs. It should be noticed that in order to ensure a complete 
metallation, high boiling solvents (e.g. quinoline and chloronaphthalene) are usually 
used as 2 has limited solubility in organic solvents. The use of Li2Pc as precursor is 
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Scheme 1.2 Synthetic routes to MPcs. Reaction conditions: (i) Heating in a high 
boiling solvent (e.g. quinoline) with metal salts, (ii) Heating in a high 
boiling solvent with urea and metal salts, (iii) Heating in ethanol with 
metal salts. 
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Axially Substituted Pes 
The attachment of axial ligands to the central metal ion of certain MPcs is 
possible. Normally, covalently linked axial ligands require the central metal ion to 
be trivalent or tetravalent. Axial substitution helps to enhance the solubility and 
1 0 
reduce face-to-face intermolecular interactions of MPcs. Scheme 1.3 shows the 
synthesis of axially substituted derivatives of silicon(IV) phthalocyanines [SiPc(0R)2]. 
The cyclization of 3 in the presence of silicon(IV) tetrachloride (SiCU) produces 
silicon(IV) phthalocyanine dichloride (SiPcCl�）(6).^^ Subsequent hydrolysis by 
aqueous sodium hydroxide gives SiPc(0H)2 (7). Both 6 and 7 can undergo axial 
substitution reactions with alcohols, alkyl halides, and chlorosilanes to obtain a range 
of SiPc(0R)2 which possess enhanced solubilities and low aggregation tendency.i4 
Axial substitution of germanium(IV) phthalocyanine (GePc) and tin(IV) 
phthalocyanine (SnPc) can also be achieved using analogous synthetic pathways.'^ 
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Scheme 1.3 Synthesis of axially substituted silicon(IV) phthalocyanines 
[SiPc(0R)2]. 
Unsymmetrically Substituted Pes 
The most common route to synthesize unsymmetrical Pes involves a mixed 
cyclization of phthalonitriles or diiminoisoindolines. Theoretically, there are totally 
six possible products for the reaction of two different phthalonitriles (Figure 1.2).'^ 
Very often, a reasonable reaction yield of the desired unsymmetrical Pc can be 
achieved by controlling the relative amount of the two precursors. However, mixed 
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cyclization always leads to a considerable amount of at least two Pes that requires a 
tedious chromatographic separation. As a result, the two different precursors should 
be carefully selected so that the resulting Pes possess a greater difference in 
chromatographic properties. 
Y X > y / M � � j ( 
X於冬X 
X X A A 
：從： 
A X A X 
V M V M 
X 於 N � X A 於 
X X A A 
Figure 1.2 General synthesis of unsymmetrically substituted Pes by a mixed 
cyclization method. 
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1.1.3 Properties and Usage of Phthalocyanines 
Phthalocyanines are structurally related to porphyrins. However, the extension 
of four peripheral benzene rings in Pes enhances their absorptions at longer 
wavelengths when comparing with porphyrins. Besides, Pes are chemically and 
thermally stable, quite resistant to photochemical degradation, and are relatively easy 
to be chemically modified. 
Owing to the extended conjugated 兀 system, the absorption spectra of Pc are 
characterized by one or two very strong absorptions between 670 and 710 nm which 
is (are) termed as Q-band(s), weak absorption bands around 600 nm due to vibrational 
overtones of the Q-band(s), and a strong Soret absorption peak at about 350 nm. 
Figure 1.3 shows a typical absorption spectrum of MPcs in the Q-band region. The 
Q-band is responsible for the characteristic intense blue or greenish blue color of Pes. 
Very often, the absorption maxima can be altered by the substituents and the 
environment of the macrocyclic core. A typical value for the corresponding 
extinction coefficient is ca. 10^ M'' cm'^ 
Due to the intense color, and high thermal and chemical stability, Pes were 
firstly employed as traditional dyes and colorants in various plastic and textile 
industries. 17 With intriguing electronic and optical properties, their applications have 
been extended to various technological avenues. To name a few, Pes are being used 
as molecular electronic devices,'^ optical recording materials,'9 chemical sensors, and 
catalysts for oxidative degradation of pollutants.^^ 
Apart from the above applications, Pes have emerged as promising 
photosensitizers for photodynamic therapy. Their application in this field will be 
briefly reviewed in the following section. 
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Figure 1.3 A typical absorption spectrum of metallo-phthalocyanines (MPcs) in 
the Q-band region. 
1.2 Phthalocyanines as Efficient Photo-
sensitizers for Photodynamic Therapy 
Cancer is one of the leading causes of death. Traditional cancer treatments 
such as surgery, chemotherapy, and radiation therapy try to strike a balance between 
destroying tumor tissue and sparing the healthy ones. Due to their indiscriminate 
cytotoxic properties, these conventional treatments often induce serious side effects. 
In view of this, there is a need for the development of new cancer therapies with 
improved selectivity. 
As an innovative cancer treatment modality, photodynamic therapy (PDT) has 
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received an increasing attention recently. PDT is a form of both phototherapy and 
photochemotherapy.2i It is a selective treatment modality that employs three 
non-toxic components, namely oxygen, visible light, and a photosensitizer. Each 
component is harmless by itself, but in combination they can lead to the generation of 
reactive oxygen species (ROS), resulting in oxidative cell damage and cell death. 
This new treatment has at least two ways to control the selectivity. Firstly, the 
photosensitizer can be preferential uptake by the tumor tissue. It is also possible to 
confine the activation of the photosensitizer in the tumor by restricting the 
illumination region. This allows an exclusive eradication of the tumor tissue while 
sparing surrounding healthy cells from damage. 
1.2.1 Photophysical and Biological Mechanisms of 
Photodynamic Therapy 
Photophysical Mechanism 
The photophysical processes involved in PDT are shown in Figure 1.4. The 
electronic ground state of the photosensitizer is a singlet state (So). Upon 
illumination of light with an appropriate wavelength, the photosensitizer is excited to 
a short-lived singlet excited state (Si). The excited photosensitizer can lose its 
energy by a number of relaxation pathways. They can return to the So-state by 
emitting the absorbed energy as fluorescence. Alternatively, the Si photosensitizer 
can convert to the first excited triplet state (Ti) by intersystem crossing. Though this 
is a spin-forbidden transition, a good photosensitizer should possess a high triplet 
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state yield. The lifetime of Ti-state is sufficiently long to take part in a number of 
chemical reactions and the photodynamic actions are mostly governed by the T!-state. 
The Ti photosensitizer can also return to the ground state by emitting 
phosphorescence. 
Chemical 
^ ^ Reactions 
。i X ^ = ^ ^ ^ ^ Type I Mechanism 
IntersysternX 、 
Crossing T^  3〇2 
\广 
Excitation Fluorescence H Type II Mechanism 
Phosphorescence 
So」： ！! l _ 
Photosensitizer 
Figure 1.4 Modified Jablonski diagram showing the various relaxation pathways 
of an excited photosensitizer. 
There are two types of photodynamic reactions, namely Type I and Type II 
mechanisms, involved in the production of cytotoxic species in PDT.^ ^ In Type I 
mechanism, there is an electron or hydrogen transfer between the Ti photosensitizer 
and other molecules which produce ROS such as superoxide, hydroperoxyl and 
hydroxy 1 radicals, and hydrogen peroxide. Alternatively, the T] photosensitizer can 
undergo an energy transfer with oxygen to form cytotoxic singlet oxygen ('O2). This 
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process is classified as Type II mechanism. ^02 is regarded as the main mediator of 
phototoxicity in PDT. Both Type I and Type II mechanisms cause oxidative damage 
within the target tissues which lead to cell death and tumor destruction. However, it 
is generally accepted that the generation of ^Oi from Type II mechanism predominates 
during PDT. 
Singlet oxygen CO2) is actually a powerful oxidant that can react with many 
kinds of biomolecules, including unsaturated triacyl glyercols, cholesterol, 
phospholipids, amino acids, and nucleobases. The lifetime of the highly reactive 
IO2 in cellular environment is short and therefore it reacts at the site of formation. 
The sites of photodamage depend on the photosensitizer used as different 
photosensitizers accumulate in different cellular compartments?'^ Cell membranes 
are said to be important targets for photodynamic damage.^ '^^ '^ ^ 
Biological Mechanism 
It is now known that there are three main biological mechanisms by which PDT 
mediates tumor destruction. 
Firstly, the ROS generated can kill tumor cells directly. Cells can be 
eliminated by necrosis or apoptosis as a consequence of P D T ? Necrosis is a 
degenerative cell death that results from extensive cellular damage. Apoptosis is a 
mechanism of genetically programmed death of old cells in both physiological and 
pathological conditions of a living organism.^^ In vivo exposure of tumors to PDT 
has been shown to reduce a number of clonogenic tumor cells through direct 
photodamage.29 
Secondly, PDT damages the tumor-associated vasculature, leading to tumor 
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infarction. The viability of tumor cells depends on the amount of nutrients supplied 
by blood vessels. As a result, impeding the blood flow to tumor cells is a promising 
approach for cancer treatment since tumor cells will be died of deprivation of nutrient 
supplies. In the past 15 years, there have been a number of reports of PDT causing 
microvascular collapse?� 
Finally, PDT can activate an immune response against tumor cells. Studies in 
the late 1980s and early 1990s reported the infiltration of lymphocytes, leukocytes, 
and macrophages into PDT-treated tissues which indicates the activation of the 
• 24 31 
immune response.‘ 
These three mechanisms can influence each other and it is believed that the 
combination of all these components is required for long-term tumor control. 
1.2.2 Photosensitizers in Photodynamic Therapy 
Photosensitizers are compounds that are capable of absorbing light of a specific 
wavelength and transforming it into other forms of energy. In fact, there are 
hundreds of natural and synthetic dyes that can function as photosensitizers for PDT.^ ^ 
In the following sections, some of the most common first- and second-generation 
photosensitizers are briefly reviewed. 
1.2.2.1 First-Generation Photosensitizers 
Photofrin" 
The first photosensitizer accepted for clinical use by governmental regulatory 
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agencies is the first-generation hematoporphyrin derivatives (HpD). The most 
typical and well-known example is Photofrin®. Instead of being a single chemical 
entity, it is actually a mixture of oligomeric porphyrins having ether and/or ester 
linkages (Figure 1.5). Despite the clinical success achieved using Photofrin®, this 
drug has several drawbacks. Firstly, it is a complex mixture produced by the 
reaction of hematoporphyrin with 5% sulfuric acid followed by treatment with 
aqueous base and neutralization.^^ The composition in the resulting oligomers may 
vary in composition with different preparations and storage times, which make 
structure-activity relationship difficult to be studied.34 Secondly, Photofrin® absorbs 
very weakly at the therapeutic wavelength of 630 nm (Figure 1.6), where tissue 
penetration of light is not optimal, limiting the treatment to tumor depths of no more 
than 5 m m ” Thirdly, it has proved to be ineffective for cancers such as pigmented 
melanoma due to the overlapping absorption spectra of the photosensitizer and 
melanin in the malignant tissue.^^ More importantly, it exhibits an extended 
retention in cutaneous tissue for up to 10 weeks post-injection.^^ 
(a) (b) 
NaOOC 
COONa COONa_ COONa COONa _ COONa COON^ n = 1-7 
n = 1-7 
Figure 1.5 Structures of (a) ether-linked and (b) ester-linked oligomeric 
porphyrins found in 
Photofrin®. 
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Figure 1.6 Electronic absorption spectra of HpD (5 |j,g mL'^) in saline (——)and 
saline with 10% fetal calf serum ( ). 
Characteristics of Good Photosensitizers 
In order to develop new and improved photosensitizers, the characteristics of 
good photosensitizers must first be known. 
A good photosensitizer is preferably a pure compound with a constant 
composition. It should show minimal dark toxicity, high tumor selectivity, and can 
be eliminated from the body rapidly to avoid skin photosensitization. Its triplet-state 
yield (Ot) should be high and the triplet-state energy (AEt) should be larger than the 
energy of singlet oxygen (AEA 二 94 kJ mol]), so that energy-transfer can occur to 
generate ^02. It should not significantly self-aggregate in the body because 
o 
aggregation decreases Ot and Oa. It should also absorb light of sufficiently long 
wavelengths, so that the therapeutic effect of PDT would be as deep as possible and 
that the light used would not cause photosensitization of healthy tissues.^^ However, 
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the absorption wavelengths should not be too long since AEt could be too low for the 
formation of 'O2. Also, the photostability of a compound often decreases when its 
absorption wavelength increases.^^ '^^ ^^ Preferably, the photosensitizer should not 
strongly absorb light in the region 400-600 nm, so that the risk of generalized 
photosensitivity caused by sunlight would be minimized. 
1.2.2.2 Second-Generation Photosensitizers 
The limitations on the use of HpD in PDT have led to the development of new 
and more effective photosensitizers. Many of these compounds, referred as 
"second-generation", absorb light of longer wavelengths in the red visible region. 
The absorption characteristics for several second-generation photosensitizers are 
presented in Table 1.1. In the following sub-sections, some important classes of 
second-generation photosensitizers are highlighted. 
Table 1.1 Absorption characteristics for several classes of second-generation 
photosensitizers. 
Compound Type 入max (nm) 8 cm'^) 
Porphyrins 620-640 3 500 
Me50-substituted porphyrins 650 18 000 
Chlorins 680 40 000 
Phthalocyanines 700 200 000 
Naphthalocyanines 780 350 000 
Bacteriochlorins 780 150 000 
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Porphyrins 
m^^o-Tetraphenylporphyrin (TPP) (see 8 in Figure 1.7) was the first porphyrin 
as a single compound to be evaluated as a photosensitizes To enhance the 
hydrophilicity of TPP, suitable substituents have been added to its periphery. The 
most common example is 5,10,15,20-tetra(4-sulfonatophenyl)porphyrin (^-TPPS4) 
(see 9 in Figure 1.7). It is highly soluble in water and therefore does not require a 
carrier. It has a high membrane permeability and displays lysosomal accumulation 
in tumor cells. Though TPPS4 is PDT-active, it has proved to be neurotoxic in rats 
after a high dosage treatment of this compound， 
5,10,15,20-Tetra(3-hydroxyphenyl)porphyrin (m-THPP) (see 10 in Figure 1.7) 
is another porphyrin-based photosensitizer. It is 25-30 times as effective as HpD or 
Photofrin® as a photosensitizer."^' However, w-THPP still shows serious skin 
photosensitivity and will damage underlying muscle layers when used in the treatment 
of epithelial lesions.42 
SofNa® 
O HO-U 
TPP P-TPPS4 m-THPP 
8 9 10 
Figure 1.7 M^^o-substituted porphyrins that have been developed as potential 
photosenitizers for PDT. 
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Chlorins and Bacterochlorins 
All porphyrin-like compounds have a strong absorption band at around 400 nm, 
which is called the Soret band (or B-band). Unfortunately, this band is not useful for 
PDT since blue light does not penetrate deeply in tissue and only the weaker 
absorption bands (i.e. Q-bands) between 600 and 800 nm are used for treatment. 
Though porphyrins exhibit weak absorption maxima at around 630 nm, chlorins and 
bacteriochlorins have strong absorption maxima around 650 and 710 nm, respectively 
(Table 1.1). 
Figure 1.8 shows the structures of a general porphyrin, chlorin, and 
bacteriochlorin. Reduction of a peripheral double bond of porphyrins shifts the 人max 
to the red. The dihydroporphyrins obtained are called chlorins. In bacteriochlorins, 
two double bonds on the opposite sides of the macrocycle are reduced, which further 
moves their absorption to the red. 
C V ^ 
V-NH N � V-NH N � V-NH N ^ 
4 ^ 4 ^ ^ ^ 
Q ^ J Q O ^ J Q C k J Q 
Porphyrin Chlorin Bacteriochlorin 
Figure 1.8 Structures of a general porphyrin, chlorin, and bacteriochlorin. The 
bold lines indicate the 18-兀-electron [18]-diazaannulene aromatic 
skeleton, which is typical of these compounds. 
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Probably the most useful chlorin photosensitizer is 
m^^fl-tetrahydroxyphenylchlorin (w-THPC) (Figure 1.9). m-THPC (also called 
Foscan or Temoporfm) shows a strong absorption at 652 nm. The lifetime of its 
triplet state is long which makes the production of cytotoxic oxygen species more 
efficient. It requires a very low drug dosage (0.1 mg kg"^) and light dose (10 J cm"^) 
when comparing with Photofrin® (drug dose: 2-5 mg kg" ;^ light dose: 100-200 J 
cm-2).26 The high photocytotoxicity of m-THPC appears to be related to its 
subtumoural and subcellular localization.'^^ Though w-THPC does not target 
mitochondria (an important organelle which initiates apoptosis by PDT), the Golgi 
apparatus and endoplasmic reticulum (ER) are inactivated by m-THPC-mediated 
PDT.44 Apart from the palliative treatment of head and neck cancer, it has been used 
recently to treat prostate and pancreatic tumors. 
C X ^ OH 
„ 力 
m-THPC 
Figure 1.9 Structure of we/a-tetrahydroxyphenylchlorin. 
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1.2.2.3 Phthalocyanine-Based Photosensitizers 
Phthalocyanines have been extensively studied as second-generation 
photosensitizers for PDT.46 Due to the four additional peripheral benzene rings, they 
have absorptions at longer wavelengths compared with porphyrins (Table 1.1). 
These absorptions, normally in the red visible region, allow a deeper light penetration 
into tissues. In addition to the bathochromic shift of the Q-band absorption maxima, 
Pes have higher molar extinction coefficients, by two orders of magnitude over that of 
the longest Q-band absorption of HpD (Pc: 8 � 1 0 5 M] cm]; HpD: 8 � 1 0 ^ M ] c m ' � 
Hence, Pes have desirable photophysical and photochemical properties. Very often, 
these properties can be altered through rational modification of the substituents either 
on the periphery of the macrocycle or at the axial positions linked to the metal center. 
However, Pes tend to aggregate which shortens the singlet excited state lifetime and 
hence decreases the singlet oxygen quantum yield by dissipating energy through 
internal conversions."^^ This problem can be overcome by incorporating large 
substituents, or using emulsifying agents such as Cremophor EL, and surfactants to 
create a micro-heterogeneous environment. In addition, the central metal ions of 
Pes also play influential roles on their photophysical properties. Normally, Pes 
containing closed d shell or diamagnetic ions, such as Zn^^, Al^^, and Ga^ "^ , have 
higher triplet state quantum yields ( � t > 0.4) and longer lifetimes (tt > 200 j^ s).49 
These triplets vary in energy from 110 to 126 kJ mol'^ which is sufficient to generate 
singlet oxygen (94.5 kJ mol'^) with high quantum yields of about 0.3-0.5.5。 
In the following sub-sections, selected examples of phthalocyanines that are 
specially designed as second-generation photosensitizers for PDT are discussed. 
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Zinc Phthalocyanines 
The preparation of unsubstituted zinc(II) phthalocyanine (ZnPc) involves a 
straightforward and one-step condensation reaction of phthalonitrile in the presence of 
zinc acetate.20a，c This compound is highly insoluble in almost all organic solvents 
and aqueous media, and hence it needs to be formulated as emulsions or conjugated 
with proteins for biological uses. Unlike silicon(IV) phthalocyanines, aggregation 
is a very common phenomenon for ZnPcs, especially in aqueous media, since Zn2+ ion 
does not support two axial ligands as SiPcs do. As mentioned earlier, aggregation 
tends to reduce the photosensitizing efficiency, and thus lots of efforts have been put 
on synthesizing hydrophilic and non-aggregated phthalocyanines in order to inhibit 
molecular aggregation and even in aqueous media. 
Ng et al. reported two hexadeca-carboxy phthalocyanines which exhibited a 
considerable water solubility in the presence of NaOH (see 11 and 12 in Scheme 
1.4).51 Both compounds (in their deprotonated forms) were not significantly 
aggregated in aqueous media when pH > 7, probably due to the inherent repulsion of 
the highly negatively charged molecules. The in vitro photodynamic activities of 
both compounds (in their deprotonated forms) were investigated against two different 
cell lines, namely murine macrophage J774 and human hepatocarcinoma HepG2. It 
was found that the zinc(II) analogue 12 exhibited a high and selective 
photocytotoxicity against J774 cells due to the expression of class-A scavenger 
receptors in J774 cells but not in HepG2 cells.^^ The conclusion was supported by 
the polyinosinic acid competitive assay. 
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Scheme 1.4 Synthesis of hexadeca-carboxy phthalocyanines 11 and 12. 
A novel octacationic zinc phthalocyanine which has four 
bis-(iV，AyV-trimethyl)amino-2-propoxy groups (Figure 1.10) has recently been 
prepared.^^ This compound has a singlet oxygen quantum yield of 0.6 in neat water 
which reduces to about 0.3 in phosphate buffered saline, suggesting that it is an 
efficient photosensitizer. It exhibits an affinity for a typical Gram-positive bacterium 
(Staphylococcus aureus) and a typical Gram-negative bacterium {Escherichia coli). 
Both bacterial strains are extensively inactivated upon 5 minute irradiation in the 
presence of 1 |iM of this photosensitizer. 
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Figure 1.10 Octacationic zinc phthalocyanine bearing four bis-
(AyV,7V-trimethyl)amino-2-propoxy groups. 
Silicon Phthalocyanines 
Another class of Pes that receive a great deal of attention is silicon(IV) 
phthalocyanines. The use of silicon as the center facilitates the introduction of 
appropriate axial ligands to tune the properties of the macrocycle such as the 
solubility in biological media, aggregation behavior, and targeting properties. 
The silicon(IV) phthalocyanine Pc4 (13) developed by Kenney et al. is perhaps 
the most representative example, though the preparation of this compound is rather 
tedious (Scheme 1.5).54 Owing to the very promising photodynamic activities, Pc4 
has been studied extensively. It has been reported that Pc4 is highly effective in 
causing the regression of the RIF-1 tumor at low drug dosage with little cutaneous 
photosensitivity. It is also effective in killing HIV and blood borne parasites, 
rendering this compound to be used in the photosensitization of red blood cells (RBC) 
and platelets concentrates.^^ 
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Scheme 1.5 Synthesis of Pc4. 
The encouraging results of Pc4 have prompted many studies on silicon(IV) 
phthalocyanines as photosensitizers in PDT. Recently, Lo et al. have synthesized 
two highly photocytotoxic glucosylated silicon(IV) phthalocyanines 16 and 17 
(Scheme 1.6).^ ^ They are highly soluble in water due to the presence of 
tetraethylene glycol-linked glucose and remain non-aggregated in DMF. Both 
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compounds are highly photocytotoxic against HT29 human colon adenocarcinoma 
and HepG2, particularly 16, of which the IC50 value is as low as 6 nM. As revealed 
by fluorescence microscopy, the unsubstituted analogue 16 is highly selective in the 
lysosomes of HT29 tumor cells, which are important targets for the initiation of 
apoptosis by PDT.^^ The heavy atom effect of phthalocyanine 17 has been 
successfully demonstrated. It shows relatively weaker fluorescence emission and 
higher singlet oxygen quantum yield in DMF after introducing two chloro groups on 
the periphery of the phthalocyanine ring (i.e. 15) by a “3+1” mixed cyclization 
between diiminoisoindoline (3) and 1,3-dichlorodiiminoisoindoline (14). Despite 
the enhanced efficacy to generate 'O2, 17 is not as potent as 16 because of the 
presence of two hydrophobic chloro groups, leading to a higher aggregation tendency 
in the culture media. 
NH NH 
0 T NH + T ^ f ^ N H • N. ； S i � N 
^ ^ quinoline 义 众 J T ^ 
NH NH reflux, 2 h / 
3 14 CI 
15 
X c , � X 
J 13% 
O�•^ 
6 X = H 16 X = H 
15 X = CI 17 X = CI 
Scheme 1.6 Synthesis of glucosylated phthalocyanine 16 and the 
dichlorophthalocyanine analogue 17. 
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Recently, Hofman et al. have synthesized the soketal substituted silicon(IV) 
phthalocyanine 19 by a ligand substitution reaction of 6 with soketal (18) in the 
presence of NaH in toluene (Scheme 1.7).^ ^ In the study, they compared the cellular 
uptake, intracellular localization, and the overall photodynamic efficacy of 19 with 
those of Pc4 (13) and SiPc(PEG750)2 (20)59 using the 14C and B16F10 cell lines. 
义 N 知 H � # � r PEG7� + 如 
N.V ； 'Si�� N • N ) S i � N 
NaH, toluene, reflux / ( ^ N ^ ^ 
CI RO 
6 o J r 
19 R = 
20 R= 
n 
Scheme 1.7 Synthetic route of phthalocyanines 19 and 20. 
The order of cellular uptake (determined by fluorescence spectroscopy after cell 
lysis) of these compounds follows the order 13 > 20 > 19. Despite the lowest uptake, 
19 shows the highest photocytoxicity with an IC50 value of 6 nM for B16F10 cells and 
3 nM for 14C cells (Table 1.2). It has been found that 19 predominantly locates in 
lipid droplets and then redistributes over the cytosol upon illumination, whereas 20 is 
homogeneously distributed in the cytosol. It has been suggested that the difference 
in photodynamic activity between 19 and 20 is most likely due to their difference in 
intracellular distribution. In addition, in view of the preferential localization of 13 in 
mitochondria,�similar photodynamic efficacy has been observed for 13 and 19, 
especially when the latter one is present in even lower intracellular concentrations. 
So, it has been suggested that lipid droplets are also very effective targets for PDT.^ ^ 
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Table 1.2 Photocytotoxicity and cellular uptake of 13, 19, and 20 against B16F10 
and 14C cells. 
cell uptake (nmol/mg protein) IC50 (|iM) 
Sensitizer B16F10 ^ B16F10 14C 
13 17.8 ± 1.5 n.d. 0.019 0.006 
19 0.66 ±0.11 0.88 士 0.19 0.006 0.003 
20 0.94 士 0.10 1.17 士 0.03 0.17 0.09 
1.3 An Introduction on Supramolecular 
Chemistry 
Supramolecular chemistry is an emerging discipline lying admist chemistry, 
biology, physics, and materials science. The importance of supramolecular 
chemistry was established by the 1987 Nobel Prize for Chemistry, which was awarded 
to D. J. Cram, J. M. Lehn, and C. J. Pedersen in recognition of their work in this 
area.63 The development of selective "host-guest" complexes in particular, in which 
a host molecule recognizes and selectively binds a certain guest, was cited as an 
important contribution. 
This area of chemistry actually focuses on the non-covalent bonding interactions 
of molecules. While traditional chemistry focuses on the covalent bonds (typically 
200-400 kJ mol-i), it examines weaker and reversible non-covalent interactions 
between molecules. In addition to electrostatic interactions (ca. 4-40 kJ mor') and 
hydrogen bonding (ca. 1-80 kJ mol-i), non-bonded interactions also include van der 
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Waals forces and hydrophobic forces (less than 4 kJ mol]). Important concepts that 
have been demonstrated by supramolecular chemistry include molecular 
self-assembly, molecular recognition, host-guest chemistry, and 
mechanically-interlocked molecular architectures.64 Over the past few decades, 
supramolecular chemistry has rapidly expanded to regions of catalysis, molecular 
recognition, medicine, carrier design, and green chemistry. 
1.3.1 Phthalocyanine-Based Supramolecular Systems 
Although supramolecular chemistry of phthalocyanines has been little studied, 
interesting examples can still be found. In the following, selected examples of 
supramolecular phthalocyanine systems are described. 
Kobuke et al. reported the first example of non-covalent J-type dimer of a series 
of Zn2+ and Mg2+ phthalocyanines (Scheme 1.8).^ ^ The self-association behavior of 
21-23 was confirmed by UV-Vis, NMR, and MALDI-TOF mass spectrometry. The 
Q-bands (in toluene) that were split by exciton interactions of the different transition 
dipoles induced by the oblique and parallel geometrical isomers were converged to a 
single peak with a clear isobestic point. Similar observations were observed in other 
noncoordinating solvents such as CHCI3 and CH2CI2. The formation constants of 
this J-type dimer in toluene were K[2i-2i] 二 1.1 x M"^ K[22-22] = 1.7 x lO" M"^ 
and K[23-23] = 1.4 x lO^ M''. These results indicate the function of stable dimers of 
Zn and Mg imidazolylphthalocyanines regardless of the nature of the peripheral 
substituents. All of these dimers emit a strong fluorescence in toluene. The 
fluorescence quantum yields of the [21]2, [22]2, and [23]2 are 0.45, 0.26, and 0.76, 
respectively. These values are close to those of the monomeric species (21*Im = 
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0.45; 22*Im = 0.27; 23*Im = 0.76). This observation is unusual as dimeric or 
aggregated phthalocyanines normally do not fluorescent as a result of efficient 
internal conversion process. Further analysis of [21]2 by differential pulse 
voltammetry showed that there is a delocalization of the cation radical over the two 
兀-兀 interacting phthalocyanine units. Such charge-resonance interaction is efficient 
in reducing the charge density of the cation generated on the phthalocyanine rings.^^ 
This decreases the solvent reorganization energy and is beneficial for efficient charge 
separation.67 
� � K J ； 
N � ^ M f , N 
21.1m R = R, = "BuO, M = Zn2+ 
22.1m R or = M = Zn2+ 
R 23.1m R or R' = (Bu, M = Mg2+ 
[21]2 R = R'= "BUO, M = Zn2+ 
[22]2 R or R'=它u, M = Zn2+ 
[23]2 R or R ' = M = Mg2+ 
Scheme 1.8 Dimer and monomer equilibrium of metalloimidazolylphthalocyanines 
21-23. 
Torres et al. have developed a new strategy to produce supramolecular 
phthalocyanine dimers based on dibenzo-24-crown-8 (DB24C8) and secondary 
dibenzylammonium (DBA^^) as the recognition motif (Figure 1.11).^ ^ These two 
components assemble in solution, forming stable hydrogen-bonded complexes with a 
pseudorotaxane geometry.^^ The stoichiometry of the complex is determined by the 
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number of ammonium centers that are present in the threadlike component. 
Furthermore, dethreading can occur by adding a base to the solution so that the two 
reversible states can be switched by controlling the pH. 
The formation of the complex has been studied by 'H NMR, UV-Vis, and 
MALDI-TOF spectroscopy. Although there is a peak corresponding to the 
supramolecular ion [24+H]+ in the MALDI-TOF mass spectrum, it does not prove the 
psuedorotaxane geometry. In order to obtain more information about the 
superstructure, they have performed an EPR experiment for 25 and found that there 
are not any signals corresponding to the Cu-Cu intra or intercomplex interactions 
between the confacially arranged phthalocyanine nuclei. Instead, only slightly 
broadening of signals has been observed. This is due to the mutual influence of the 
paramagnetic Cu ions without coupling, and this is consistent with the proximity of 
the Cu ions in the complex and the absence of electronic interactions as proposed in 
Figure 1.11. Taking into account of the X-ray structure of the complex between 
DB24C8 and DBA〕.，and the similarities between the unsubstituted DB24C8 and 24 
whose binding ability should not be much different, it seems reasonable to propose 
the psuedorotaxane geometry of the supramolecular complex， 
C«HI70、'0C«HI7 ^ Q L C3H,,0 nCeH,, 
PF? U o 
C8H170 0C8H17 
24 M = Ni 
25 M = Cu 
Figure 1.11 Structure of proposed pseudorotaxane 24 and 25. 
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1.3.2 Mixed Porphyrin-Phthalocyanine Supramolecular Assemblies 
Owing to their highly conjugated systems, both porphyrins and phthalocyanines 
show intense absorptions in the visible region. Despite their structural similarity, 
these two types of macrocycles exhibit very different optical and electronic properties, 
making them to be used preferentially in different a r e a s R e c e n t l y , there has been a 
considerable interest in hetero-arrays of these tetrapyrrole derivatives. The resulting 
hybrids display complementary absorptions of individual chromophores, covering a 
large part of the solar spectrum. The components may also interact through 
photoinduced electron- and/or energy-transfer pathways. These properties are 
important in applications such as light-harvesting, photovoltaics, and molecular 
photonics. A substantial number of mixed porphyrin-phthalocyanine arrays have 
been reported. Most of the hybrids are linked either in a covalent manner or through 
a large metal center forming double-decker or triple-decker complexes. Other types 
of linkage include electrostatic interactions, axial coordinations or other 
supramolecular interactions. 
In the following sub-sections, special attention will be focused on the 
hetero-arrays of porphyrins and phthalocyanines that are held by axial coordination 
and electrostatic interactions. 
Hetero-Arrays Held by Axial Coordination 
Although axial coordination of metallo-porphyrins and phthalocyanines has 
been well studied, the use of this methodology to construct hetero-arrays of these 
chromophores remains little studied. Cook et al. have prepared the ruthenium(II) 
phthalocyanines 26 and 27 by metallation of the corresponding metal-free analogue 
with RU3(CO)I2 in refluxing benzonitrile^^ The formation of these two complexes 
Page I 31 
Chapter 1 
can be controlled by changing the experimental conditions as shown in Scheme 1.9. 
These ruthenium(II) phthalocyanines bind to various pyridyl ligands and can serve as 
useful building blocks for the construction of mixed porphyrin-phthalocyanine 
supramolecular arrays. For example, compound 26 binds to 2 equiv. of monopyridyl 
porphyrin 28 to form triad 29 in 70% yield, while the reaction of 27 with half equiv. 
of dipyridyl porphyrin 30 affords triad 31 in 65% yield (Scheme 1.10). Both 
hetero-arrays can be isolated by flash chromatography and reprecipitation. 
Spectroscopic studies show that there is little ground-state interaction between the 
chromophores in these arrays. 
N、、 //N • N. R^U N + N. ；RU：^  > 
… i V ^ -
R = N-C8HI7, N-CIOH2I A J ^ ^ 
^ ^ ^ PhCN 
26 
Scheme 1.9 Preparation of ruthenium phthalocyanines 26 and 27. 
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N � / R u � N 
R R 
31 
Scheme 1.10 Preparation of axially bound porphyrin-phthalocyanine triads 29 and 
31. 
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Ng et al. have reported bis(4-pyridinolato) silicon(IV) phthalocyanine (32), 
which can axially bind to zinc(II) w^^-o-tetraphenylporphyrin (33) (Figure 1.12)7^ 
The formation of complex 34 is supported by the upfield shift of all the 
phthalocyanine and porphyrin ring ^H NMR signals as a result of the ring current 
generated by the coordinated partner. The signals for the pyridyl protons are also 
broadened due to an extensive exchange between the coordinated and the free pyridyl 
groups. The corresponding Job's plot clearly shows a 1:2 stoichiometry, suggesting 
the formation of the hetero-triad 34. The molecular structure of this complex has 
also been determined by X-ray diffraction analysis. 





. ^ 32, zinc(II) 
Figure 1.12 Structures of P y r _ phthalocyanine 
膚卯-tetraphenylporphyrin 33, and the triad 34. 
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Face-tO'Face Aggregates Held by Electrostatic Interactions 
Stable ion pairs can be obtained with porphyrins and phthalocyanines grafted 
with ionic substituents of opposite charges. In this case, both the electrostatic 
interactions between the charged substituents and the hydrophobic interactions of the 
macrocycles act to hold the individual components together. In addition, their planar 
geometry allows a close contact and therefore an extensive orbital overlap in the 
face-to-face configuration. 
Tran-Thi et al. reported such co-facial mixed dimers by pairing zinc 
me^o-tetrapyridinium porphyrin with either copper (35) or aluminium phthalocyanine 
(36) (Figure The ground state absorption spectra of these heterodimers were 
drastically changed compared with the spectra of corresponding monomers, indicating 
the existence of a strong interaction between the two chromophores. Irrespective of 
the nature of the metal ions and the peripheral substituents, the heterodimers showed 
very similar ground-state spectra. The photophysical properties of the two 
heterodimers were investigated with the use of femto- and nano-second absorption 
spectroscopies. Excitation of zinc porphyrin-aluminium phthalolcyanine 
heterodimer 36 at 565 or 620 nm was followed by a very efficient electron transfer 
from the porphyrin to the phthalocyanine moiety, while a very efficient intersystem 
crossing took place in the excited zinc porphyrin-copper phthalocyanine 35, leading to 
the final triplet excimer. 




35 M = Cu2+ 
36 M = AI-CI 
Figure 1.13 Face-to-face aggregates formed by sulfonated phthalocyanines (35 and 
36) and tetrakis(A^-methylpyridinium-4-yl) porphyrin. 
Xu et al. have studied the self assembly of several pairs of porphyrins and 
phthalocyanines bearing oppositely charged substituents. The tetra-cationic 
porphyrins 37 bind to tetra-anionic phthalocyanine 38 (Figure 1.14) in water and other 
polar solvent in 1:1 stoichiometry as shown by UV-Vis spectroscopy and fluorescence 
spectroscopic titration.？， The resulting UV-Vis spectra show greatly depleted and 
red-shifted porphyrin Soret band and phthalocyanine Q-band compared with the sum 
of the spectra of individual components. This observation clearly indicates that the 
two chromophores interact in the ground state through electrostatic interactions and 
the 71-兀 interactions of the macrocycles. These hetero dimeric aggregates exhibit 
high stability with equilibrium formation constants in the range of (1.2-8.9) x 10^ M"'. 




呼 " A l e 
Na o Z — 〜、 0 3 Na出 
®NMe31® 
M = 2H, Zn 
37 
Figure 1.14 Structures of the cationic porphyrin 37 and anionic phthalocyanine 38. 
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1.4 Cyclodextnns as Building Blocks for 
Supramolecular Structures 
Supramolecular systems are rarely designed from first principles. Rather, 
chemists have a range of well-studied structural and functional building blocks that 
are able to use to build up larger functional architectures. Many of these exist as 
whole families of similar units, from which the analogue with the exact desired 
properties can be chosen. Macrocycles like cyclodextrins, calixarenes, cucurbiturils 
and crown ethers, are very useful in supramolecular chemistry as they provide whole 
cavities that can completely surround guest molecules and may be chemically 
modified to fine tune their properties. In the following sub-sections, our discussion 
will be confined to cyclodextrins. 
1.4.1 Background of Cyclodextrins 
Cyclodextrins (CDs) are cyclic oligosaccharides which consist of six (a-CD), 
seven ((3-CD), eight (y-CD) or more glucopyranose units linked by a-(l,4)-glycosidic 
bonds (Figure 1.15). They are produced as a result of intramolecular 
transglycosylation reaction from degradation of starch by cyclodextrin 
glucanotransferase (CGTase) enzyme of Bacilua amylobacter and Bacillus macerans 
(Figure 1.16)7^ They were firstly discovered in 1891 by A. Villers^^ Not until 
1940 do the exact structures of CDs were confirmed by X-ray crystallography.^^ 
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a-CD p-CD y-CD 
Figure 1.15 Chemical structures of a-cyclodextrin, P-cyclodextrin, and 
Y-cyclodextrins. 
— m e , P — , 0 0 , 0 ^ 0 Q 
1 么 O � 
Cyclodextrins 
Starch Linear and cyclic dextrins 
Figure 1.16 Schematic diagram of the formation of CD. 
As revealed by X-ray diffraction analysis, the secondary hydroxy 1 groups (C2 
and C3) are located at the wider edge of the ring and the primary hydroxyl group {Ce) 
on the other edge and that the apolar C3 and C5 hydrogens and ether-like oxygens are 
at the inside of the torus-like molecules (Figure 1.17). This results in a molecule 
with a hydrophilic outside, which makes it soluble in water, and an apolar cavity, 
which provides a hydrophobic matrix. Owing to the presence of this cavity, CDs are 
able to form inclusion complexes with a wide variety of hydrophobic guest molecules. 
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Figure 1.17 A schematic diagram showing the torus-like structure of cyclodextrin. 
a-, P", and y-cyclodextrins are referred as first-generation or parent 
cyclodextrins. Among them, P-CD is the most accessible, the cheapest, and 
generally the most useful. The main properties of these cyclodextrins are given in 
Table 1.3. Because of the limited solubility, many cyclodextrins have been 
derivatized by aminations, esterifications, or etherifications of the primary and 
secondary hydroxy 1 groups. Depending on the substituents, the solubility of the 
cyclodextrin derivatives is usually different from that of their parent ones. Virtually, 
all the derivatives have a changed hydrophobic cavity volume, and also these 
modifications can improve solubility, stability against light or oxygen, and help 
control the chemical activity of guest molecules.79 
Because of their ability to link covalently or non-covalently to other 
cyclodextrins, they can be used as building blocks for the construction of 
supramolecular complexes. Their ability to form inclusion complexes with organic 
host molecules offers possibilities to build molecular architectures such as catenaries, 
rotaxanes，or polyrotaxanes. Such building blocks, which cannot be prepared by 
other methods, can be employed for the separation of complex mixtures of substances 
• • 8 0 
and even racemates by molecular recognition. 
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Table 1.3 Properties of cyclodextrins. 
Property a-cyclodextrin (3-cyclodextrin y-cyclodextrin 
Number of glucopyranose 6 7 8 
units 
Molecular weight (g mol"^) 972 1135 1297 
Solubility in water at 25°C 5 \ 35 23 2 
(%, w/v) . . . 
Outer diameter (A) 14.6 15.4 17.5 
Cavity diameter (A) 4.7-5.3 6.0-6.5 7.5-8.3 
Height of torus (A) 7.9 7.9 7.9 
Cavity volume (A^) 174 262 427 
1.4.2 Phthalocyanine-Cyclodextrin Supramolecular Systems 
As mentioned in Section 1.2.2.3, aggregation is a very common phenomenon 
for phthalocyanines, particularly in polar media such as w a t e r . A p a r t from 
82 
introducing bulky dendritic fragments with terminal hydrophilic groups, and the 
use of surfactants48b or dis-stacking agents such as polyethylene glycol,^^ recent 
publications have also shown that by manipulating the unique inclusion property of 
cyclodextrin, it helps to disrupt the substantial 兀-兀 stacking of phthalocyanines, 
rendering non-aggregated species in aqueous media. 
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Ng et al. have demonstrated that P-cyclodextrin (P-CD) (39) and 
heptakis(2,3,6-tri-0-methyl)-p-cyclodextrin (TMe-p-CD) (40) help to reduce 
aggregation and enhance singlet oxygen formation of four water soluble 
4-carboxyphenoxy phthalocyanines 41-44 (Figure 1.18).84 The metal-free 
phthalocyanines 41 and 43 have been prepared by treating 
4-(4-methoxycarbonylphenoxy)-phthalonitrile or 4,5-bis(4-methoxycarbonyl-
phenoxy)phthalonitrile with lithium in 1 -pentanol followed by in situ alkaline 
hydrolysis with LiOH and subsequent protonation with HCl. Subsequent 
metallization of these compounds with Zn(0Ac)2*2H20 gives zinc analogues 42 and 
44, respectively. 
The 2:1 complexation stoichiometry between the cyclodextrins and 
phthalocyanines has been confirmed by UV-Vis and fluorescence titration, and 2D 
NMR spectroscopy. Aggregation is significantly reduced as seen by the changes in 
the UV-Vis spectrum of 44 (in water at pH 12) in which the broad Q-band at 643 nm 
becomes a sharp one at 684 nm upon addition of p-CD (39). Under the same 
condition, the original non-fluorescent 44 becomes fluorescent upon addition of P-CD 
and the emission band is shifted from 687 to 696 nm with an increase in fluorescence 
intensity when the concentration of P-CD is increased. Owing to the weaker 
interactions between P-CD with 41 and 42, TMe-P-CD 40 has been used for the 
complexation. The complexations of 43 and 44 with P-CD as well as 41-44 with 
TMe-P-CD 40 all behave similarly. 
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41 M = H2 43 M = H2 
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Figure 1.18 Schematic structures of P-CD, TMe-p-CD, and 4-carboxyphenoxy 
phthalocyanines 41-44. 
Due to lower aggregation tendency, the cyclodextrin encapsulated 
phthalocyanine systems are expected to be better photosensitizers than the parent 
macrocycles. The same research group has also compared the singlet oxygen 
generation efficiency of 43 and 44 in the absence and presence of P-CD using 
or 
4-nitrosodimethylaniline (RNO). While the decay of RNO is negligible in the 
absence of P-CD, the decay rate is significantly increased showing that 
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phthalocyanine 43 can generate singlet oxygen more effectively upon complexation 
with P-CD. Similar rate of photobleaching has been observed for phthalocyanine 44. 
Since CDs help to solubilize the otherwise insoluble photosensitizers, inclusion 
of phthalocyanines into CDs is useful for PDT. As a result, studies on the 
photophysical and photochemical properties of the Pc-CD inclusion complexes are 
warranted. Nyokong et al. have studied the influence of hydroxypropyl-y-CD and 
P-CD on the fluorescence, photostability, and singlet oxygen quantum yields of a 
series of zinc naphthalocyanine (45) and phthalocyanine complexes (46-49) (Figure 
1.19). Although the complexation has not been fully characterized by 2D NMR or 
mass spectrometry, the stoichiometry of the inclusion complexes with CD has been 
evaluated by the Job's method. The results show that the complexation ratio 
between CD and Pc is either in 4:1 (aggregated species) or 2:1 (monomeric species). 
According to their findings, the fluorescence quantum yields (OF) for the 
compounds are not significantly (within experimental error of 10%) affected by the 
addition of CD for all the complexes. However, the inclusion complexes show larger 
singlet oxygen quantum yields (OA) when comparing with the metal-free 
phthalocyanines. The increase in � A suggests that the CD reduce the aggregation 
which may still be present to some extent even in the complexes. Generally, the 
presence of CD decreases the photodegradation quantum yield (Op) when comparing 
the values in the absence of CDs, the notable exception being the naphthalocyanine 45. 
This may be due to the partial protection of the phthalocyanine ring by CD from the 
attack of singlet oxygen. It is widely accepted that photodegradation of Pc ring is 
initiated by singlet oxygen which is generated following irradiation of the Pc 
molecule. 
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46 R= NO2 
47 R = NH2 
48 R = P-OC6H4C(CH3)3 
49 R = H 
Figure 1.19 Molecular structures of (a) zinc naphthalocyanine and (b) 
tetrasubstituted zinc phthalocyanines, where R = NO2, NH2, 
/7-0C6H4C(CH3)3, and H. 
In 2001, Breslow et al. have reported the p-cyclodextrin dimer 50, which helps 
to complex and solubilize the otherwise insoluble zinc phthalocyanine 51. It also 
helps to concentrate the photosensitizer at the tumor sites leading to useful potential in 
PD丁 87 Their idea is shown in Scheme 1.11. Upon irradiation of the 1:1 
hydrophilic complex formed between 50 and 51 (not shown) in the presence of 
oxygen, the double bond of 52 is cleaved by singlet oxygen to form 2 moles of 
thioformate 53. Since dimeric binding is stronger than the monomeric binding, 51 
will be precipitated out once the linker is cleaved. This dissociation occurs because 
the chelate binding is lost and also the cleaved chain fragments tuck back into P-CD 
which diminishes their affinity for the phthalocyanine. Further to this, they have 
also found that when the irradiation is directed to a small section of a solution, the Pc 
precipitate in the light beam, and is concentrated there as more complexes diffuse into 
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Scheme 1.11 Schematic pathway showing the cleavage of P-cyclodextrin dimer 50 
by singlet oxygen which leads to the production of 2 moles of 53. 
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1.5 Objectives of This Study 
Owing to their cyclic structures, cyclodextrins possess hydrophobic cavities 
which enable them to trap various host molecules with appropriate sizes through 
host-guest interactions. Furthermore, they are very good water-solubilizing groups 
for many macrocycles like phthalocyanines. The main objectives of this study aim 
to incorporate these two concepts in silicon(IV) phthalocyanines, allowing the 
development of new and efficient second-generation photosensitizers for PDT as well 
as the construction of phthalocyanine-based supramolecular assemblies in aqueous 
media. These areas are of both fundamental and practical importance. However, in 
contrast to the porphyrin analogues, the in vitro photodynamic activities and 
supramolecular chemistry of these cyclodextrin-appended silicon(IV) phthalocyanines 
remain little studied. 
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Photodynamic therapy (PDT) is an innovative therapeutic modality for the 
treatment of a variety of malignant tumors and wet-age related macular degeneration.' 
It is an non-invasive process which employs three individually non-toxic components, 
namely a photosensitizer, light, and oxygen. Full activation of the photosensitizer 
can be achieved by irradiation with light of appropriate wavelength. Subsequent 
interaction between the excited photosensitizer and endogenous molecular oxygen 
generates singlet oxygen (^Oi) as well as other reactive oxygen species (ROS) 
resulting in a cascade of biological events that terminate the unwanted tissues.^ 
Since the photosensitizer plays an indispensable role in the overall photosensitizing 
efficacy, lots of attentions have recently been focused on optimizing their 
photophysical and biological characteristics. Owing to the desirable photophysical 
and photochemical properties, phthalocyanines (Pes) have been widely studied as 
second-generation photosensitizers for PDT of various cancers and photoinactivation 
of vimses.4 However, the high aggregation tendency and poor solubility of these 
macrocycles in aqueous environment limit their application in PDT. Recently, our 
group has developed several strategies to promote disaggregation and water solubility 
of phthalocyanines.5 
Cyclodextrins (CDs) are cyclic oligosaccharides with 6 to 8 D-glucopyranose 
units linked by a-l,4-glycosidic bonds. They are well known for their abilities to 
form inclusion complexes with a variety of guest molecules. As a result, they are 
widely used for the solubilization and encapsulation of drugs, perfumes, and 
flavorings.^ Since they are capable of including various organic and biological 
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substrates within their hydrophobic cavity,7 they are able to anchor to the surface of 
o 
tissues or cells through complexation with accessible surface molecules. Further to 
this, CDs have significant monomerization effect which helps to prevent aggregation 
of photosensitizers, especially for macrocycles like Pes. 
Previously, our group has reported the first silicon(IV) phthalocyanine axially 
substituted with two permethylated p-cyclodextrin units (compound 54) and its in 
vitro photodynamic activities.^ As part of our continuing interests in the 
development of Pc-based photosensitizers, we have therefore taken 54 as the parent 
compound and introduced four different spacers with different lengths and 
hydrophilicities between the permethylated P-CD moiety and the Pc core. We aim to 
further increase the overall solubility and biocompatibility of the compounds so that 
they are more suitable for biological use. 
i , 1 ^ ： ^ ： > ^O OMe MeO；^  ； Nv / S i � � 
I fe = 丨 浏 
i i A 
54 
This chapter describes the synthesis of these new (3-cyclodextrin conjugated 
silicon(IV) phthalocyanines. Their aggregation behavior and basic photophysical 
properties were examined by various spectroscopic methods. The in vitro studies of 
these compounds including their photodynamic effects, intracellular ROS production, 
cellular uptake, and subcellular localization were also studied and the results are 
reported herein. 
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2.2 Results and Discussion 
2.2.1 Preparation and Characterization 
Scheme 2.1 shows the synthetic scheme for these p-cyclodextrin-containing 
spacers. Treatment of the commercially available P-cyclodextrin (39) with one equiv. 
of 'Bu(CH3)2SiCl in the presence of imidazole in DMF led to protection of one of the 
primary hydroxyl groups on the cyclodextrin. Permethylation was then performed 
upon treatment with excess Mel and NaH. This was followed by deprotection with 
NH4F to give the mono-6-hydroxy permethylated P-cyclodextrin 5 5 . � Since the 
hydroxyl group of 55 was not a good leaving group, it was tosylated with "BuLi and 
p-toluenesulfonyl chloride to give mono-6-O-tosyl permethylated p-cyclodextrin 56. 
This compound was then coupled with the spacers 57a-d in the presence of anhydrous 
K2CO3 in refluxing THF to afford 58a-d in satisfactory yields. 
Scheme 2.2 shows the preparation of silicon(IV) phthalocyanine dichloride 
(SiPcCl2) (6)." Starting from phthalonitrile (1), bubbling of dry ammonia in the 
presence of NaOMe in methanol gave 1,3-diiminoisoindoline (3). Upon treatment 
with SiCU in quinoline, it was converted to 6. Due to the limited solubility of this 
compound in common organic solvents, it could only be purified by Soxhlet 
extraction. 
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Scheme 2.1 Preparation of P-cyclodextrin-containing spacers 58a-d. 
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Scheme 2.2 Preparation of silicon(IV) phthalocyanine dichloride (6). 
Treatment of 6 with 58a-d and NaH led to axial substitution giving 
phthalocyanines 59a-d in reasonable yields (Scheme 2.3). These compounds had 
excellent solubilities in almost all organic solvents. Attempts to purify these 
compounds with silica-gel column chromatography were not successful. They were 
decomposed slowly in the column probably due to their susceptibility toward the 
slightly acidic nature of the silica gel. These compounds, however, could be purified 
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by column chromatography using neutral alumina followed by gel permeation 
chromatography in which the compounds were separated according to their sizes. 
HN—' 
CI 0 - R 
^=N、、 / NaH, toluene, reflux, 2 days ^ = N 、 / n— 
CI :NH — 
6 广 H 
c z 3 58a-d 
5 9 a R = 义 〜 ( 6 9 % ) 
b R= (56%) 
c R= \ � ( 5 9 % ) 
d R= " z r ^ o ^ O � ( 5 1 % ) 
Scheme 2.3 Preparation of cyclodextrin-containing phthalocyanines 59a-d. 
All of the new p-cyclodextrin spacers 58a-d and phthalocyanines 59a-d were 
fully characterized with various spectroscopic methods. The ^H NMR spectra of 
59a-d in CDCI3 showed two AA'BB' multiplets at 5 9.59-9.65 and 8.30-8.37 (8 H 
each), which were assigned to the phthalocyanine a and P ring protons, respectively. 
Due to the ring current effect, the signals of the spacers were upfield-shifted and 
widely spread from 5 -2.29 to 2.92. Some of these signals were masked by the 
signals of the cyclodextrin protons especially for 59d, which possesses the longest 
linkers. This spectrum is shown in Figure 2.1 for exemplification. It can be seen 
that five methylene protons signals (labeled as "a" to “e”）are spread in the upfield 
positions. 
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The NMR spectra of all these phthalocyanines in CDCI3 clearly 
showed four aromatic signals for the phthalocyanine ring. Due to the loss of C7 
symmetry of the cyclodextrin unit, the signal for Ci was expected to split into seven 
signals, which may be spread out due to the shielding by the phthalocyanine ring 
current. This was actually observed for 59a，in which the cyclodextrins are close to 
the phthalocyanine core. 
S S g g s 監 3 2 二 运 资 兹 一 娶 = 塞运衆5 
0 ^  • T . . . . . • • • 
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/ ‘ : i 
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........I.... 
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Figure 2.1 ^H NMR spectrum of 59d in CDCI3. 
All the new phthalocyanines were also characterized with high-resolution ESI 
mass spectrometry. Taking the spectrum for 59c as an example, it clearly showed 
two major envelops peaking at m/z 3544 and 1722, which were due to the ions 
[M+H]+ and [M+2H]2+, respectively (Figure 2.2). The isotopic patterns were also in 
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good agreement with the simulated spectra as shown in the inset of Figure 2.2. 
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Figure 2.2 Part of the ESI mass spectrum of 59c showing the (a) [M+H]+ and (b) 
[M+2H]2+ ion peaks. The insets show the corresponding simulated 
patterns. 
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2.2.2 Electronic Absorption and Photophysical Properties 
These data for phthalocyanines 59a-d were measured in DMF and are 
summarized in Table 2.1. The absorption spectra of these compounds in DMF are 
typical for non-aggregated phthalocyanines, with a B-band at 355-356 nm, an intense 
and sharp Q-band at 673-674 nm, together with two vibronic bands at 606 and 
642-645 nm. The absorption positions of all these compounds are very similar, 
indicating that the phthalocyanine n system is not perturbed by the cyclodextrin axial 
groups. Figure 2.3 shows the absorption spectra of 59b in DMF in different 
concentrations. By plotting the Q-band absorbance versus concentration, a straight 
line was obtained, indicating that compound 59b is essentially free from aggregation 
under these conditions. Similar spectral features were observed for the other three 
compounds. Upon excitation at 610 nm, these compounds showed a fluorescence 
emission at 675-678 nm in DMF. While 59b-d showed similar fluorescence 
quantum yields (OF), the value for 59a was comparatively lower (Op = 0.20). It is 
likely that the relatively short spacer of 59a renders the amino group close to the 
phthalocyanine core, facilitating a reductive quenching of the singlet excited state. ^ ^ 
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Table 2.1 Electronic absorption and photophysical data for 59a-d in DMF. 
Compound (舰）（log s) ①： � : 
59a 355 (4.90), 606 (4.61), 643 (4.55), 678 0.20 0.19 
674 (5.38) 
59b 355 (4.88), 606 (4.61), 642 (4.55), 675 0.40 0.36 
673 (5.39) 
59c 356 (4.83), 606 (4.57), 645 (4.51), 676 0.36 0.33 
674 (5.35) 
59d 355 (4.89), 606 (4.63), 643 (4.57)， 678 0.40 0.36 
674 (5.41) 
a Excited at 610 nm. ^ Using unsubstituted zinc(II) phthalocyanine (ZnPc) as the 
reference [fluorescence quantum yield (Op) = 0.28 in DMF]. � U s i n g ZnPc as the 
reference [singlet oxygen quantum yield (OA) = 0.56 in DMF]. 
1.6-1 [59bl_) 
E 1.6] / 6.0 
• ^ - o Z 5.0 1.2 Z 4.0 
12- ^ nft A 3.0 
① 髮 X 2.0 
^ . I 0.4 X , 1.0 . 
•Q n ft < , • • 
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: . :跌 .滅 . 
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Figure 2.3 UV-Vis spectra of 59b in DMF in different concentrations. The ins 
plots the absorbance at 673 nm versus the concentration of 59b. 
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To evaluate the photosensitizing efficiency of these compounds, their singlet 
oxygen quantum yields ( � A ) were determined by a steady-state method using 
1,3-diphenylisobenzofuran (DPBF) as the scavenger” The concentration of the 
quencher was monitored spectroscopically at 411 nm along with time (Figure 2.4), 
from which the values of OA could be determined as described in Section 2.4.2. As 
shown in Table 2.1, all these phthalocyanines are efficient singlet oxygen generators 
and the value of OA follows the order 59b = 59d > 59c > 59a. 
2 . 5 n — • - Z n P c 
—•—59a 
W X - • - 5 9 b 
I 2 . 0 - — • — 5 9 C 
r \ \ ,、•、 一 , - 5 9 d 
5 1.5- \ \ X 
I - \ \ \ 
O \ \ \ * • ’ � 
艺 0 . 5 - • 、 % 、、、、 
0 4 8 1 2 1 6 2 0 2 4 2 8 3 2 3 6 
Time (min) 
Figure 2.4 Comparison of the rates of decay of DPBF sensitized by 59a-d and 
ZnPc in DMF as shown by the decrease in absorbance at 411 nm. 
Figure 2.5 shows the absorption spectra of phthalocyanine 59b in water with a 
small amount of THF (< 0.6% v/v) in different concentrations. They show a B-band 
at 354 nm, a strong and sharp Q-band at 677 nm, together with two vibronic bands at 
610 and 648 nm. The inset of Figure 2.5 plots the Q-band absorbance versus the 
concentration of 59b. The linear relationship shows that this absorption obeys the 
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Lambert-Beer law and the compound is also essentially free from aggregation in the 
aqueous medium. This is corroborated with the strong fluorescence emission at 683 
nm in water (Op = 0.34). The non-aggregated property is extremely important for 
photosensitization as aggregation provides an efficient non-radiative energy relaxation 
pathway, greatly shortening the excited state lifetimes, 
The electronic absorption and photophysical data of all these compounds 
measured in water with THF (< 0.6% v/v) are summarized in Table 2.2. It is worth 
noting that while 59b-d have a reduction in Op values in water when comparing with 
those in DMF, the value for 59a is elevated. It is likely that the amino groups 
undergo partial protonation in the aqueous media which reduces the possibility of 
intramolecular quenching of the singlet excited state of the phthalocyanine. Since 
59a possesses the shortest spacer, this effect is comparatively conspicuous. 
1.2-1 [59b] (mM) 
• 1 1.2l Z 6.0 
d n ！^  10 Z A 5.0 
1.0- CD 0.8 ^ ^ 4.0 
Z 0.6 ^ ^ „ 3.0 
S 0.8- I 0.4. y 
I • 二 : Z A。：。 
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Figure 2.5 UV-Vis spectra of 59b in water with THF (< 0.6% v/v) in different 
concentrations. The inset plots the absorbance at 677 nm versus the 
concentration of 59b. 
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Table 2.2 Electronic absorption and photophysical data for 59a-d in water with 
THF (< 0.6% v/v). 
Compound ( • ) (log s) K S " ^ ) ^F^ 
59a 354 (4.79), 613 (4.47), 652 (4.44), 689 0.27 
682 (5.24) 
59b 354 (4.82), 610 (4.50), 648 (4.49), 683 0.34 
677 (5.24) 
59c 354 (4.85), 613 (4.51), 681 (5.22) 687 0.29 
59d 354 (4.86), 609 (4.54), 648 (4.51)， 683 0.31 
676 (5.34) 
A Excited at 610 nm. ^ Using ZnPc as the reference (OF = 0.28 in DMF). 
2.2.3 In vitro Photodynamic Activities 
The in vitro photodynamic activities of these compounds were investigated 
against two different cell lines, namely HT29 human colon adenocarcinoma and 
HepG2 human hepatocarcinoma cells. Since the compounds were non-aggregated in 
aqueous medium, we did not attempt to formulate them with Cremophor EL for the in 
vitro tests. This can prevent any Cremophor-induced hypersensitivity reactions]5 
Figure 2.6 shows the effects of these compounds on HT29 cells. It can be seen 
that all of them are essentially non-cytotoxic in the absence of light, but exhibit a 
substantial photocytotoxicity when they are excited at X > 610 nm. The 
photodynamic action against HepG2 is similar and the corresponding IC50 values are 
summarized in Table 2.3. 
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Figure 2.6 Effects of 59a (triangles), 59b (squares), 59c (circles), and 59d (stars) 
on HT29 cells in the absence (closed symbols) and presence (open 
symbols) of light (入 > 610 nm, 40 mW cm'^, 48 J cm"^). Data are 
expressed as mean values 士 S.E.M of three independent experiments, 
each performed in quadruplicate. 
Table 2.3 Comparison of the IC50 values of 59a-d against HT29 and HepG2 cells. 
IC50 ( i^M)^ 
Compound For HT29 For HepG2 
59a 0.91 1.32 
59b 0.04 0.05 
59c 0.16 0.17 
59d OM q ^ 
a Defined as the dye concentration required to kill 50% of the cells. 
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As mentioned above, all these phthalocyanines are non-aggregated in aqueous 
media. However, in order to have a better simulation of the aggregation behavior of 
these compounds in the cellular environment, we also examined their electronic 
absorption spectra in the culture media. Figure 2.7 shows the absorption spectra of 
these compounds in the Dulbecco's modified Eagle's medium (DMEM, for HT29 
cells). It can be seen that a sharp and intense Q-band was retained for all these 
compounds. Similar results were obtained when the spectra were recorded in the 
RPMI medium 1640 (for HepG2 cells). These results imply that the compounds are 
also essentially non-aggregated in the culture media. These observations suggest 
that the difference in the in vitro photocytotoxicities may be originated from other 
factors such as the different intracellular ROS production and subcellular localization 
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Figure 2.7 Electronic absorption spectra of phthalocyanines 59a-d, without 
formulation of Cremophor EL, in the DMEM culture medium (all 
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In order to explain the difference in the in vitro photocytotoxicities of these 
compounds, their efficiency in generating intracellular ROS was compared. 
2',7'-Dichlorodihydrofluorescein diacetate (DCFDA) (see the structure below), which 
is a fluorescence probe for the visualization of oxidative stress in living cells, was 
used as the quencher]6 When DCFDA is taken up by cells, it undergoes 
deacetylation by esterase enzymes. Oxidation of the deacetylated product by ROS 
including the singlet oxygen within the cells leads to the formation of 
2' ,7'-dichlorofluorescein, which can be easily visualized with a strong emission at 
525 nm when excited at 488 nm. The results of ROS production of compounds 
59a-d against HT29 and HepG2 cells are presented in Figure 2.8. In the absence of 
light, all these compounds could not generate ROS. Upon illumination, they could 
sensitize the production of ROS. Generally speaking, the percentage of ROS 
production of the compounds in HT29 is greater than that in HepG2. As seen from 
Figure 2.8, for a given concentration, 59b is superior in ROS production since a 
relatively low concentration can already lead to an efficient generation of ROS. On 
the contrary, 59a shows a minimal ROS production even at 0.5 jiM. The ROS 
production efficiency follows the order 59b > 59d > 59c > 59a. These results are 
consistent with the trend for the in vitro photocytotoxicities (Table 2.3). 
c'Dotocc 
DCFDA 
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Figure 2.8 ROS production sensitized by 59a (triangles), 59b (squares), 59c 
(circles), and 59d (stars) on (a) HT29 and (b) HepG2 in the absence 
(closed symbols) and presence (open symbols) of light (X> 610 nm, 40 
mW cm-2, 48 J cm'^). Data are expressed as mean values 士 S.E.M. of 
three independent experiments, each performed in quadruplicate. 
In addition to the cell viability studies, we also employed confocal 
laser-scanning microscopy to examine the cellular uptake of these phthalocyanines 
against HT29 cells. After incubating these compounds for 2 h and upon excitation at 
633 nm, the HT29 cells showed an intracellular fluorescence indicating that there was 
a substantial uptake of the dyes. While the fluorescence was distributed uniformly in 
the cytoplasm of the cells for 59a, 59c, and 59d, the image for 59b appeared as bright 
and granular spots as shown in Figure 2.9. These observations suggested that 59b 
might have different cellular uptake and subcellular localization properties. 
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Figure 2.9 Visualization of intracellular fluorescence of HT29 after incubation 
with phthalocyanines 59a-d for 2 h. 
To further reveal the subcellular localization, we stained the HT29 cells with 
LysoTracker Green® DND-26, a fluorescence dye located specially at the lysosomes, 
prior to the treatment with compound 59b. Figure 2.10 clearly shows that the 
fluorescence caused by the LysoTracker (excited at 488 nm, monitored at 500-550 nm) 
can be superimposed with the fluorescence caused by 59b (excited at 633 nm, 
monitored at 650-750 nm). This observation can also be confirmed undoubtedly by 
the excellent overlapping of their corresponding fluorescence intensities as seen in the 
fluorescence intensity line profiles (Figure 2.11). Based on these results, we can 
conclude that compound 59b can selectively localize in the lysosomes of the HT29 
cells, which are important targets for the initiation of apoptosis by PDT」？ 
Page I 96 
Chapter 2 
(a) (b) • • 
(c) • 
Figure 2.10 Visualization of intracellular fluorescence of HT29 using filter sets 
specific for (a) the LysoTracker (in green) and (b) phthalocyanine 59b 
(in red). The corresponding superimposed image is shown in (c) (in 
yellow). 
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Figure 2.11 Fluorescence intensity line profiles of the LysoTracker Green (——)and 
phthalocyanine 59b (——)across the indicated part of the HT29 cells. 
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2.3 Conclusion 
A new series of permethylated P-CD-appended silicon(IV) phthalocyanines 
have been synthesized and characterized. The cyclodextrin moieties reduce the 
aggregation of the phthalocyanine core and prevent the use of Cremophor EL as the 
formulating reagent in the in vitro studies. All these compounds are photocytotoxic 
toward both HT29 and HepG2 cells. Phthalocyanine 59b, having a pentyl spacer, is 
particularly potent which may be due to its highest ROS generation efficacy. The 
compound also has a high affinity toward lysosomes. The results suggest that a 
balance in hydrophilicity and hydrophobicity in the photosensitizers may be important 
for enhancing the uptake and photodynamic activities. 
2.4 Experimental Section 
2.4.1 General 
All reactions were performed under an atmosphere of nitrogen. THF and 
toluene were distilled from sodium benzophenone ketyl and sodium, respectively. 
DMF was pre-dried over barium oxide and distilled under reduced pressure. 
Quinoline was pre-dried over anhydrous sodium sulfate and fractionally distilled from 
zinc dust in vacuo. Chromatographic purifications were performed on silica gel 
(Macherey-Nagel, 70-230 mesh) or neutral alumina (Merck, 70-230 mesh) columns 
with indicated eluents. Gel permeation chromatography was carried out on Bio-Rad 
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Bio-Beads S-Xl beads (200-400 mesh). All other reagents and solvents were of 
reagent grade and used as received. 
1H and NMR spectra were recorded on a Bruker DPX 300 
spectrometer (^H, 300; ^^C, 75.4 MHz) in CDCI3 or DMSO-^/e. Spectra were 
referenced internally using the residual solvent (^H: 5 7.26 for CDCI3, 5 2.49 for 
DMSO-6/6) or solvent (^^C: 6 77.2 for CDCI3) resonances relative to SiMe4. 
Electrospray (ESI) mass spectra were measured on a Thermo Finnigan MAT 95 XL 
mass spectrometer. 
2.4.2 Photophysical Measurements 
UV-Vis and steady state fluorescence spectra were taken on a Gary 5G 
UV-Vis-NIR spectrophotometer and a Hitachi F-4500 spectrofluorometer, respectively. 
Fluorescence quantum yields [�F(sampie)] were determined by the equation: 
—广Fsample�( \ /^ sample \ , 
a w ) = [ - J ^ ) [ - ^ J � F _ 
where F, A, and r| are the measured fluorescence (area under emission peak), the 
absorbance at the excitation position (610 nm), and the refractive index of the solvent, 
respectively. The unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF was used as 
the reference [�F(ref)= 0 . 2 8 ] . T o minimize re-absorption of radiation by the ground 
state species, the emission spectra were obtained in very dilute solutions of which the 
absorbance at 610 nm was less than 0.05. 
Singlet oxygen quantum yields (OA) were measured by a steady-state method 
described by Nyokong and co-workers with some modifications.^^ A mixture of 
1,3-diphenylisobenzofuran (DPBF) (0.24 mM, 1 mL) and the phthalocyanines 
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(absorbance at Q-band � 0 . 8 , 1 mL), without saturation with air or oxygen, was 
illuminated with red light coming from a 100 W halogen lamp after passing through a 
water tank for cooling and a color glass filter (Newport, cut-on at 610 nm). The 
decay of DPBF at 411 nm was monitored with time. The singlet oxygen quantum 
yields of the phthalocyanines (OA) were obtained by using the following equation: 
W X labs(ZnPc) 
� A = � A ( Z n P c ) x ^ 
WznPcX labs 
where labs and labs(znPc) are the rates of light absorption by the phthalocyanine and 
ZnPc, respectively. The photobleaching of DPBF by the phthalocyanine and ZnPc 
denoted as W and WznPc were determined as the slopes of their corresponding DPBF 
decay curves under the same conditions. The singlet oxygen quantum yields of the 
phthalocyanines were correlated with the unsubstituted ZnPc used as a reference 
[ � A ( z n P c ) = 0 . 5 6 i n D M F ] . 
2.4.3 Synthesis 
Preparation of 1,3-Diiminoisoindoline (3)" 
Sodium (0.53 g, 23.05 mmol) was dissolved in methanol (20 mL), to which 
phthalonitrile (10.65 g, 83.12 mmol) was added. Ammonia gas was then bubbled at 
a moderate rate to the reaction mixture at room temperature for 40 min. The mixture 
was then brought to reflux for 3 h with continued stirring and bubbling ammonia. 
Upon cooling, the green solid formed was filtered and washed with diethyl ether. 
The crude product was further purified by recrystallization from methanol to afford 
greenish yellow crystals (8.75 g, 73% yield). ^H NMR (DUSO-de): 5 = 8.53 (br s，3 
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H, NH), 7.82 (dd, J= 2.4, 3.0 Hz, 2 H, Ph-H), 7.55 (dd,J= 2.4, 3.0 Hz, 2 H, Ph-H). 
Preparation of Silicoii(IV) Phthalocyanine Dichloride SiPcCh (6)" 
A mixture of 1,3-diiminoisoindoline (3) (10.95 g, 75.4 mmol) and SiCU (12 mL, 
104.5 mmol) in quinoline (150 mL) was heated at reflux for 2 h. The mixture was 
then poured into toluene (400 mL) to give a greenish blue paste, which was filtered 
and washed thoroughly with DMF, aqueous NaOH solution, and methanol. The 
resulting blue solid was then Soxhlet extracted with a mixture of CHCI3, acetone, and 
methanol for 2 days to give a shiny purple solid (8.54 g, 74% yield). Since 6 is 
insoluble in common organic solvents, it cannot be characterized by standard 
spectroscopic methods. 
Preparation of Mono-6-hydroxy Permethylated p-CD 
To a stirred mixture of p-cyclodextrin (39) (31.33 g, 27.60 mmol) and imidazole (2.94 
g, 43.18 mmol) in DMF (500 mL), a solution of>/Y-butyldimethylsilyl chloride (8.84 
g，58.65 mmol) in DMF (100 mL) was added dropwise at room temperature. The 
mixture was stirred at room temperature and the progress of the reaction was 
monitored by TLC using 1 -Bu0H/Et0H/H20 (5:4:3) as eluent. The reaction 
reached equilibrium and no further apparent change occurred after 1 h. TLC showed 
that there were 3 major components having Rf values of 0.41 (P-CD), 0.63, and 0.72, 
respectively. After cooling to (fC, NaH (41.10 g, 1.71 mol) was added. The 
mixture was stirred at 0°C for 30 min and then at room temperature for 1 h. After 
cooling to O^C, Mel (170 mL, 2.73 mol) was added dropwise. The mixture was kept 
at O^ C for 1 h and then at room temperature for 24 h. Again, TLC [CHCb/MeOH 
(10:1)] showed that there were 3 components with Rf values of 0.68 (permethylated 
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P-cyclodextrin), 0.72, and 0.78, respectively. Excess NaH was decomposed by the 
addition of MeOH (50 mL) after cooling the mixture to O '^C. The resulting mixture 
was poured into ice water (400 mL) with stirring and extracted with CHCI3 (200 mL x 
4). The combined CHCI3 layers were washed successively with 3% aqueous 
solution of Na2S203 to remove excess Mel and H2O (300 mL x 2), and then dried with 
anhydrous MgSCU. After removing the volatiles under reduced pressure, the residue 
was dried in vacuo at 60°C overnight to give a pale yellow solid (46 g). The residue 
(46 g) was then refluxed with NH4F (15.16 g, 0.41 mol) in MeOH (600 mL) for 24 h. 
The mixture was concentrated, then a solution of the residue in ethyl acetate was 
filtered through Celite. The filtrate was then concentrated. TLC [CHCb/MeOH 
(10:1)] revealed 3 components with Rf values of 0.68, 0.54, and 0.42, respectively. It 
was then subject to column chromatography on silica gel with CHCls/MeOH (50:1) as 
eluent to give pure mono-6-hydroxy permethylated P-cyclodextrin 55 (10.55 g, 27% 
yield). Rf [CHCb/MeOH (50:1)] = 0.54. ^H NMR (CDCI3)： 6 = 5.01-5.23 (m, 7 H, 
CD-Hi), 3.20-3.82 (m, 103 H). 
Preparation of Mono-6-O-tosyl Permethylated p-CD 
To a 2-necked round bottom flask, a solution of mono-6-hydroxy permethylated 
p-cyclodextrin 55 (1.95 g, 1.38 mmol) in THF (30 mL) was cooled to -15°C for 10 
min. "BuLi (1.6 M in ^-hexane) (2 mL, 21.23 mmol) was then added to the mixture. 
After 20 min, j9-toluenesulfonyl chloride (0.42 g, 2.20 mmol) was also added to the 
mixture. The reaction was then stirred for another 45 min under the same condition. 
Upon completion, it was quenched slowly by adding a few drops of water. The 
reaction mixture was dissolved in CHCI3 (50 mL) and extracted with water (50 mL x 
2). The combined organic layers were dried with anhydrous MgS04, filtered, and 
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evaporated. The residue was subject to silica-gel column chromatography using 
CHCI3 and then CHCls/MeOH (10:1) as the eluents. The product was obtained as a 
white solid (2.14 g, 98% yield). Rf [CHCb/MeOH (10:1)] = 0.55. ^H NMR 
(CDCI3)： 6 = 7.77 (d, J = 8.3 Hz, 2 H, Ph-H), 7.38 (d，J = 8.0 Hz, 2 H, Ph-H), 
5.04-5.18 (m, 7 H, CD-Hi), 3.19-3.67 (m, 102 H), 2.46 (s, 3 H, Me). 
Preparation of Permethylated P-CD 58a 
A mixture of mono-6-(9-tosyl permethylated P-cyclodextrin 56 (1.47 g, 0.94 mmol), 
ethanolamine (1.23 g, 20.14 mmol), and anhydrous potassium carbonate (12.94 g, 
93.63 mmol) in THF (30 mL) was heated at reflux for 3 days. The solvent was 
evaporated under reduced pressure, then the residue was mixed with water (100 mL) 
and extracted with CHCI3 (50 mL x 3). The combined organic layers were dried 
with anhydrous MgS04, filtered, and evaporated. The residue was subject to 
silica-gel column chromatography using CHCb/MeOH (10:1) as eluent. The 
product was obtained as a white solid (0.94 g, 69% yield). Rf [CHCb/MeOH (10:1)] 
=0.37. 1h NMR (CDCI3): 5 = 5.08-5.17 (m, 7 H, CD-H!), 3.17-3.86 (m, 104 H, 
CD), 2.98-3.00 (m, 2 H, CH2), 2.78-2.83 (m, 2 H, CH2). NMR (CDCI3): 6 
=98.6-99.2 (several overlapping signals, CD-Ci), 81.6-82.5 (several overlapping 
signals), 80.3-80.8 (several overlapping signals), 70.9-71.5 (several overlapping 
signals), 61.1-61.6 (several overlapping signals), 58.6-59.3 (several overlapping 
signals), 51.3, 49.8. MS (ESI): an isotopic cluster peaking at m/z 1459 {100%, 
[M+H]+}. HUMS (ESI): m/z calcd for C64H116N1O35 [M+H]+: 1458.7322; found: 
1458.7325. 
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Preparation of Permethylated P-CD 58b 
According to the procedure for 58a, treatment of mono-6-Otosyl permethylated 
(3-cyclodextrin 56 (0.83 g, 0.53 mmol), 5-amino-l-pentanol (2.77 g, 26.85 mmol), and 
anhydrous potassium carbonate (10.35 g, 74.89 mmol) in THF (30 mL) gave the 
product as a white solid (0.63 g, 79% yield). Rf [CHCb/MeOH (10:1)] = 0.37. ^H 
NMR (CDCb): 6 = 5.05-5.15 (m, 7 H, CD-H,), 3.13-4.00 (m，104 H, CD), 2.91-2.97 
(m, 2 H, CH2), 2.55-2.65 (m, 2 H, CH2), 1.36-1.60 (m, 6 H, CH2CH2CH2). 
NMR (CDCI3): 5 = 98.9-99.1 (several overlapping signals, CD-Ci), 81.5-82.4 (several 
overlapping signals), 80.2-80.5 (several overlapping signals), 71.0-71.5 (several 
overlapping signals), 62.8, 61.4-61.6 (several overlapping signals), 58.5-59.2 (several 
overlapping signals), 50.2, 50.0, 32.6, 29.9, 23.6. MS (ESI): an isotopic cluster 
peaking at m/z 1501 {100%, [M+H]+}. HRMS (ESI): m/z calcd for C67H122N1O35 
[M+H]+: 1500.7792; found: 1500.7793. 
Preparation of Permethylated p-CD 58c 
According to the procedure for 58a, treatment of mono-6-O-tosyl permethylated 
p-cyclodextrin 56 (0.50 g, 0.32 mmol), 2-(2-aminoethoxy)ethanol (1.60 g, 15.22 
mmol), and anhydrous potassium carbonate (6.70 g, 48.48 mmol) in THF (30 mL) 
gave the product as a white solid (0.29 g, 60% yield). Rf [CHCb/MeOH (10:1)] 二 
0.40. IhNMR (CDCI3): 5 = 5.04-5.12 (m, 7 H, CD-H,), 3.11-3.81 (m, 104 H, CD), 
2.71-3.02 (m, 4 H, CH2CH2), 2.37 (br s, 4 H, CH2CH2). NMR (CDCI3): 5 = 
98.7-99.0 (several overlapping signals, CD-Ci), 81.4-82.2 (several overlapping 
signals), 80.0-80.4 (several overlapping signals), 72.3, 70.9-71.3 (several overlapping 
signals), 70.3, 61.3-61.8 (several overlapping signals), 58.4-59.0 (several overlapping 
signals), 49.7, 49.4. MS (ESI): an isotopic cluster peaking at m/z 1503 {100%, 
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[M+H].} and 1525 {44%, [M+Na]+}. HRMS (ESI): m/z calcd for C66H120N1O36 
[M+H]^: 1502.7585; found: 1502.7581. 
Preparation of Permethylated p-CD 58d 
According to the procedure for 58a, treatment of mono-6-O-tosyl permethylated 
P-cyclodextrin 56 (0.51 g, 0.32 mmol), 11 -amino-3,6,9-trioxaundecanol (6.51 g, 40.37 
mmol), and anhydrous potassium carbonate (5.03 g, 36.39 mmol) in THF (30 mL) 
gave the product as a white solid (0.35 g, 69% yield). Rf [CHC^/MeOH (10:1)]= 
0.37. 1h NMR (CDCI3): 6 = 5.08-5.18 (m, 7 H, CD-Hi), 3.16-3.82 (m, 116 H, CD), 
2.73-3.08 (m, 4 H, CH2CH2). NMR (CDCI3): 5 = 99.0-99.1 (several 
overlapping signals, CD-Ci), 81.9-82.2 (several overlapping signals), 80.2-80.5 
(several overlapping signals), 72.7 (two overlapping signals), 70.4-71.5 (several 
overlapping signals), 61.6-61.8 (several overlapping signals), 59.1, 58.6, 49.8 (two 
overlapping signals). MS (ESI): an isotopic cluster peaking at m/z 1591 {100%, 
[M+H]+} and 1613 {35%, [M+Na]+}. HRMS (ESI): m/z calcd for C70H128N1O38 
[M+H]+: 1590.8109; found: 1590.8101. 
Preparation of Phthalocyanine 59a 
A mixture of SiPcCh (6) (0.33 g, 0.54 mmol), 58a (0.47 g, 0.32 mmol), and NaH 
(0.08 g, 3.33 mmol) in toluene (30 mL) was heated at reflux for 2 days. After 
evaporating the solvent in vacuo, the residue was subject to column chromatography 
on neutral alumina using CHCI3 as eluent, followed by gel permeation 
chromatography using THF as eluent. The crude product was further purified by 
column chromatography on neutral alumina again using firstly CH2CI2 and then 
CHCI3 as eluent. The product was obtained as a blue solid (0.38 g, 69% yield). H^ 
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NMR (CDCI3): 6 = 9.60-9.65 (m, 8 H, Pc-Ha), 8.32-8.37 (m, 8 H, Pc-Hp), 5.00-5.01 
(m, 4 H, CD-Hi), 4.96 (d, 3.4 Hz, 2 H, CD-Hi), 4.93 (d, 3.5 Hz, 2 H, CD-Hi), 
4.86 (d, J = 3 . 5 Hz, 2 H, CD-Hi), 4.39 (d, «/= 3.0 Hz, 2 H, CD-Hj), 4.29 (d, J 二 3.6 
Hz, 2 H, CD-Hi), 2.27-3.70 (m, 202 H, CD), 1.09-1.15 (m, 2 H, CD-H6), 0.84-0.92 (m, 
2 H, CD-H6'), -0.28 to -0.35 (m, 2 H, CH2), -0.44 to -0.48 (m, 2 H, CH2), -1.81 to 
-1.85 (m, 2 H, CH2), -2.24 to -2.29 (m, 2 H, CH2). NMR (CDCI3): 5 二 
149.2 (Pc), 135.9 (Pc), 131.1 (Pc), 123.7 (Pc), 98.1-99.0 (several overlapping signals, 
CD-Ci), 79.7-82.0 (several overlapping signals), 70.0-71.1 (several signals), 61.6, 
61.3-61.7 (several overlapping signals), 58.0-58.7 (several overlapping signals), 53.5, 
48.3, 47.7. HRMS (ESI): m/z calcd for Ci6oH245Nio07oSi [M+H]+: 3455.5716; found: 
3455.5732. 
Preparation of Phthalocyanine 59b 
According to the procedure for 59a, treatment of SiPcCh (6) (0.22 g, 0.36 mmol), 58b 
(0.26 g, 0.17 mmol), and NaH (0.09 g, 3.75 mmol) in toluene (30 mL) gave the 
product as a blue solid (0.17 g, 56% yield). ^H NMR (CDCI3): 5 = 9.59-9.63 (m, 8 
H, Pc-Ha), 8.30-8.33 (m, 8 H, Pc-Hp), 4.86-5.07 (m，14 H, CD-H,), 3.03-3.65 (m, 202 
H, CD), 2.42 (s, 4 H, CD-H6), 1.47-1.51 (m, 4 H, CH2), -0.17 (t, J = 7.1 Hz, 4 H, CH2), 
-1.35 (t, 6.8 Hz, 4 H, CH2), -1.71 (t, 6.9 Hz, 4 H, CH2), -2.16 (t, 6.3 Hz, 4 
H, CH2). i3c{1h} NMR (CDCI3)： 5 = 149.2 (Pc), 136.0 (Pc), 130.9 (Pc), 123.7 (Pc), 
98.6-99.0 (several overlapping signals, CD-Ci), 80.0-82.3 (several overlapping 
signals), 70.7-71.2 (several overlapping signals), 61.3-61.5 (several overlapping 
signals), 58.5-59.0 (several overlapping signals), 54.8, 49.9, 49.5, 29.3, 28.5, 21.5. 
HRMS (ESI): m/z calcd for Ci66H258Nio07oSi [M+2H]2+: 1770.3364; 
found: 1770.3348. 
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Preparation of Phthalocyanine 59c 
According to the procedure for 59a, treatment of SiPcCh (6) (0.29 g, 0.47 mmol), 58c 
(0.35 g, 0.23 mmol), and NaH (0.12 g, 5.00 mmol) in toluene (30 mL) gave the 
product as a blue solid (0.24 g, 59% yield). ^H NMR (CDCI3): 5 二 9.60-9.62 (m, 8 
H, Pc-Ha), 8.32-8.35 (m, 8 H, Pc-Hp), 4.77-5.06 (m, 14 H, CD-Hi), 2.90-3.68 (m, 206 
H, CD), 2.78 (s, 4 H, CH2), 2.37 (s, 4 H, CH2), 0.19-0.27 (m, 4 H, CH2), -1.91 to -2.03 
(m, 4 H, CH2). 13c{1h} NMR (CDCI3): 5 = 149.3 (Pc), 136.0 (Pc)，131.0 (Pc), 
123.7 (Pc), 98.6-99.1 (several overlapping signals, CD-Ci), 81.5-82.2 (several 
overlapping signals), 80.2-80.5 (several overlapping signals), 70.6-71.3 (several 
overlapping signals), 69.2, 68.9, 61.3-61.5 (several overlapping signals), 58.6-59.0 
(several overlapping signals), 54.3, 49.6, 48.6. HRMS (ESI): m/z calcd for 
Ci64H253Nio072Si [M+H]+: 3543.6241; found: 3543.6228. 
Preparation of Phthalocyanine 59d 
According to the procedure for 59a, treatment of SiPcCl! (6) (0.24 g, 0.39 mmol), 58d 
(0.32 g, 0.20 mmol), and NaH (0.11 g, 4.58 mmol) in toluene (30 mL) gave the 
product as a blue solid (0.19 g, 51% yield). 'H NMR (CDCI3)： 5 = 9.60-9.64 (m, 8 
H, Pc-Ha), 8.31-8.34 (m, 8 H, Pc-Hp), 4.97-5.12 (m, 14 H, CD-Hi), 3.00-3.95 (m, 218 
H), 2.91-2.94 (m, 4 H, CH2), 2.41 (t, «/= 4.9 Hz, 4 H，CH2), 1.63 (m, J= 4.8 Hz, 4 H, 
CH2), 0.36 (t, 5.7 Hz, 4 H, CH2), -1.94 ( \ , J = 5.6 Hz, 4 H, CH2). NMR 
(CDCI3): 6 = 149.3 (Pc), 136.0 (Pc), 130.9 (Pc), 123.7 (Pc), 98.6-99.0 (several 
overlapping signals, CD-Ci), 81.8-82.2 (several overlapping signals), 80.0-80.1 
(several overlapping signals), 70.5-71.4 (several overlapping signals), 69.9, 69.8, 69.4, 
68.6, 68.1, 61.5, 59.0，58.6, 54.7, 49.7, 49.4, 29.7. HRMS (ESI): m/z calcd for 
Ci72H27oNio076Si [M+2Hf+: 1859.8664; found: 1859.8671. 
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2.4.4 Cell Lines and Culture Conditions 
The HT29 human colon adenocarcinoma cells (from ATCC, no. HTB-38) were 
maintained in Dulbecco's modified Eagles' medium (DMEM; Invitrogen, cat no. 
10313-021) supplemented with fetal calf serum (10%), penicillin-streptomycin (100 
units mL/i and 100 mg mL"', respectively), L-glutamine (2 mM), and transferrin (10 
mg mL''). The HepG2 human hepatocarcinoma cells (from ATCC, no. HB-8065) 
were maintained in RPMI medium 1640 (Invitrogen, cat no. 23400-021) 
supplemented with fetal calf serum (10%) and penicillin-streptomycin (100 units mL"' 
and 100 mg mL'^ respectively). Approximately 3 x 10^  (for both HT29 and HepG2) 
cells per well in these media were inoculated in 96-multiwell plates and incubated 
overnight at 37®C in a humidified 5% CO2 atmosphere. 
2.4.5 Photocytotoxicity Assay 
All the phthalocyanines were first dissolved in DMF to give 1.6 mM solutions, 
which were diluted with the culture medium to appropriate concentrations. The cells, 
after being rinsed with phosphate buffered saline (PBS), were incubated with 100 |iL 
of these phthalocyanine solutions for 2 h at 37°C under 5% CO2. The cells were then 
rinsed again with PBS and re-fed with 100 \xL of the culture medium before 
illuminated at ambient temperature. The light source consisted of a 300 W halogen 
lamp, a water tank for cooling, and a color glass filter (Newport) cut-on 610 nm. 
The fluence rate (k > 610 nm) was 40 mW cm" . An illumination of 20 min led to a 
totally fluence of 48 J cm" .^ Cell viability was determined by means of the 
colormetric MTT assay.21 After illumination, the cells were incubated at 37°C under 
5% CO2 overnight. An MTT (Sigma) solution in PBS (3 mg mL"^ 50 jiL) was added 
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to each well followed by incubation for 2 h under the same environment. A solution 
of sodium dodecyl sulfate (SDS, Sigma) (10% by weight, 50 |JL) was then added to 
each well. The plate was incubated in an oven at 60°C for 30 min and then 80 \iL of 
/50-propanol was added to each well. The plate was agitated on a Bio-Rad 
microplate reader at ambient temperature for 10 s before the absorbance at 540 nm at 
each well was taken. The average absorbance of the blank wells, which did not 
contain the cells, was subtracted from the readings of the other wells. The cell 
viability was then determined by the equation: % Viability = [X(A//Acontroi x 100)]/", 
where A, is the absorbance of the /th data (i = 1, 2, n), Acontroi is the average 
absorbance of the control wells, in which the phthalocyanine was absent, and n (= 4) 
is the number of data points. 
2.4.6 ROS Measurements 
ROS production was determined by using 2',7'-dichlorodihydrofluorescein 
diacetate (DCFDA; Molecular Probes). Approximately 3 x 10^  (for both HT29 and 
HepG2) cells were placed in a 96-multiwell plates for 24 h before photodynamic 
treatment. The cells were then incubated with different concentrations of the 
phthalocyanine compounds (two-fold dilutions from 0.5 |LIM) for 2 h before 
illuminating with red light. Immediately after illumination, the cells were washed 
with PBS and then incubated with 100 j^ L of a 10 ^M DCFDA solution in PBS at 
37°C for 60 min. Fluorescence measurements were made in a fluorescence plate 
reader (TECAN Polarion) with a 485 nm excitation filter and a 535 nm emission filter 
set at a gain of 60. 
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2.4.7 Microscopic Studies 
For the detection of intracellular fluorescence intensity of the phthalocyanines, 
approximately 6 x HT29 cells in the culture medium (2 mL) were seeded on a 
coverslip (diameter = 14 mm) and incubated overnight at 37^C under 5% CO2. The 
medium was removed and then the cells were incubated with the phthalocyanine 
dilution (2 jiM) in the medium for 2 h under the same conditions. The cells were 
then rinsed with PBS twice and viewed with a confocal laser-scanning microscope 
(Leica TCS SP5). The excitation light source (at 633 nm) was provided by a He-Ne 
laser. The emitted fluorescence (at 650-750 nm) was collected using a dichroic 
mirror. Images were digitized and analyzed using the Leica Application Suite 
Advanced Fluorescence (LAS AF) Software. 
2.4.8 Subcellular Localization Studies 
About 6.0 X 104 HT29 cells in the culture medium (2 mL) were seeded on a 
coverslip and incubated overnight at 37®C under 5% CO2. The medium was then 
removed. For the study using LysoTracker, the cells were incubated with a solution 
of 59b (without the formulation of Cremophor EL) in the medium (0.5 [iM, 2 mL) for 
100 min under the same conditions. LysoTracker Green® DND-26 (Molecular 
Probes; 1 mM in DMSO 4 |iL) was then added, and the cells were incubated under 
these conditions for a further 30 min. The cells were then rinsed with PBS twice and 
viewed with the above microscopic setup. The microscope is equipped with two 
excitation lasers, that is argon-ion laser (488 nm for LysoTracker) and He-Ne laser 
(633 nm for 59b). The emitted fluorescence at 500-550 run (for LysoTracker) and 
650-750 nm (for 59b) were recorded. The subcellular localization of 59b was 
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revealed by comparing the intracellular fluorescence images caused by the 
LysoTracker and this dye. 
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Unsymmetrically Substituted P-Cyclodextrin-
Appended Silicon(IV) Phthalocyanines 
Chapter 2 
3.1 Introduction 
Recently, our group has synthesized a series of amphiphilic silicon(IV) 
phthalocyanines and studied their photodynamic activities. Some of the examples 
include those axially substituted with tetraethylene glycol-linked glucose 16,' 
2 "7 
permethylated p-cyclodextrin 54， isopropylidene-protected galactose 60, and 
l,3-bis(dimethylamino)-2-propoxy groups 61.^ All these compounds are highly 
potent against a range of cancer cells with IC50 values down to 6 nM. In Chapter 2, 
we have reported one attempt to improve the in vitro photocytotoxicities of 54 by 
introducing various spacers between the p-cyclodextrin unit and the phthalocyanine 
core. It has been found that compound 59b, which contains a pentyl linker shows 
the most promising therapeutic results with IC50 values as low as 40 nM. In this 
chapter, we report another approach to enhance the photodynamic activity of these 
cyclodextrin-conjugated phthalocyanines. We replaced one of the cyclodextrin 
moieties of 54 with another moiety as in compounds 16, 60, and 61, which appears to 
be effective to enhance the photodynamic activities. This chapter reports the 
synthesis, aggregation behavior, and basic photophysical properties of these novel 
unsymmetrically substituted phthalocyanines. The in vitro studies of these 
compounds including their photodynamic effects, cellular uptake, and subcellular 
localization were also carried out and the results were compared with those for 54. 
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3.2 Results and Discussion 
3.2.1 Preparation and Characterization 
Compound 54 was synthesized according to the procedure reported by our 
group earlier (Scheme 3.1).^ The synthetic scheme for the unsymmetrical silicon(IV) 
phthalocyanines 62a-c is shown in Scheme 3.2. Treatment of the readily available 
silicon(IV) phthalocyanine dichloride (6) with mono-6-hydroxy permethylated 
p-cyclodextrin 55 and compounds 61a-c in the presence of NaH in toluene afforded 
the corresponding phthalocyanines 62a-c in 10-14% yield. As expected, the 
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corresponding symmetrically disubstituted products were also obtained. For the 
preparation of compound 62a, the three substituted products of this reaction, namely 
the bis(cyclodextrin) phthalocyanine 54, bis(galactose) phthalocyanine 60, and the 
unsymmetrical 62a have very different Rf values (0.37, 0.92, and 0.39, respectively.) 
when CHCls/MeOH (20:1) was used as the eluent. Hence, compound 62a could be 
purified readily by silica-gel column chromatography. However, attempts to purify 
compounds 62b and 62c with this method were not successful, which may be due to 
their susceptibility toward the slightly acidic nature of the silica gel. Fortunately, we 
found that these compounds could be chromatographed on neutral alumina followed 
by gel permeation chromatography. 
Phthalocyanines 62a-c are highly soluble in common organic solvents and have 
a substantial solubility in water. Considering the fact that compound 6 is completely 
insoluble in water as well as many organic solvents, it is conspicuous that the 
presence of these axial ligands can greatly enhance the hydrophilicity of the 
phthalocyanine core. Due to the sensitivity of these compounds toward acid, 
deprotection of the galactose and glucose moieties in 62a and 62b were not performed. 
i r ^ n ^ ^ ^ ^ NaH, toluene, reflux. 1 day 
CI 55 % o 
54 
Scheme 3.1 Synthesis of bis(cyclodextrin) substituted phthalocyanine 54. 
Page I 96 
Chapter 2 
NaH, toluene, reflux, 2 days ^ = N 、 、 / . N ^ - ^ 
6 b H O 0 O 〜 6 2 a R = (14%) 
。卜 才 
c � Q ' o 
OH b R= 八 。 义 ( 1 0 % ) 
C R= ^ i Y (10%) 
vJ\A/» 
Scheme 3.2 Synthesis of the unsymmetrically substituted phthalocyanines 62a-c. 
All of the new compounds were fully characterized with various spectroscopic 
methods. Figure 3.1 shows the 'H NMR spectrum of 62a in CDCI3 as an example. 
The two downfield multiplets at 6 9.58-9.63 and 8.31-8.35 are assigned to the 
phthalocyanine a and (3 ring protons, respectively. The attachment of the protected 
galactose can be confirmed easily by the presence of four noticeable singlets (6 0.79, 
0.69, 0.50, and 0.31), which are assigned to the four methyl groups of the two 
isopropylidene moieties. The signals corresponding to the protons at the C6 position 
of the protected galactose and the cyclodextrin appear at very upfield positions due to 
the shielding effect of the phthalocyanine ring. The remaining protons could be 
unambiguously assigned by 2D COSY experiment (Figure 3.2) and with reference to 
the spectra of the corresponding symmetrically disubstituted products 54 and 60. 
The spectra of 62a-c in CDCI3 were also recorded and a partial assignment of 
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the signals could be made (see the Experimental Section). The ESI mass spectra of 
these phthalocyanines showed the corresponding molecular ion signals (Appendix C). 
The identities of these species were also confirmed by accurate mass measurements. 
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Figure 3.1 ^H NMR spectrum of 62a in CDCI3. 
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Figure 3.2 ^H - H COSY spectrum of compound 62a in CDCI3. 
3.2.2 Electronic Absorption and Photophysical Properties 
The electronic absorption and photophysical data of 54 and 62a-c in DMF are 
collected in Table 3.1. The absorption spectra of all these compounds are typical for 
non-aggregated phthalocyanines with a B-band at 354-356 nm, an intense and sharp 
Q-band at 674-676 nm, together with two vibronic bands at 606-607 nm and 643-647 
nm. The absorption positions of these compounds are similar indicating that the 
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axial moieties do not significantly affect the absorption positions. Upon excitation at 
610 nm, the compounds showed a fluorescence emission at 676-678 nm in DMF. 
While the fluorescence quantum yields (Op) of the galactose- and glucose-containing 
phthalocyanines 62a and 62b are similar to that of 54, the diamino compound 62c 
gave a very low Op value (Op = 0.02). This can be explained by the reductive 
quenching of the singlet excited state of the phthalocyanine by the nitrogen lone pair 
of electrons of the l,3-bis(dimethylamino)-2-propoxy group.^ Similar phenomenon 
was observed for compound 59a as described in Chapter 2 and also compound 61 as 
reported earlier."^ 
Table 3.1 Electronic absorption and photophysical data for 54 and 62a-c in DMF. 
Compound � a x (log 幻 � ^ f ' ' � a ' 
54 355 (4.71), 606 (4.42), 643 (4.37), 678 0.36 0.43 
674 (5.19) 
62a 356 (4.80), 606 (4.52), 645 (4.45), 677 0.44 0.48 
674 (5.32) 
62b 355 (4.88), 606 (4.58), 645 (4.50), 676 0.41 0.44 
674 (5.37) 
62c 354 (4.79), 607 (4.49), 647 (4.43)， 678 0.02 0.02 
676 (5.28) 
A Excited at 610 nm. ^ Using ZnPc as the reference (OF 二 0.28 in DMF). ^ Using 
ZnPc as the reference (OA = 0.56 in DMF). 
To evaluate the photosensitizing efficiency of these compounds, their singlet 
oxygen quantum yields (OA) in DMF were also determined by a steady-state method 
using 1,3-diphenylisobenzofuran (DPBF) as the scavenger. By monitoring its 
concentration spectroscopically at 411 nm along with time (Figure 3.3), the values of 
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OA could be determined as described in Section 2.4.2. As shown in Table 3.1, 
phthalocyanines 54 and 62a-b are all efficient singlet oxygen generators in DMF. 
Since the singlet excited state of 62c is partially quenched, the probability of 
intersystem crossing to the triplet state and hence the singlet oxygen generation 
efficacy is expected to be reduced. 
2 . 5 - ^ ^ • • • • • • • • • • • • • • • 
i 2 0 - — ZnPc 
- 2 0 - \ - - 5 4 
寸 —•—62a 
"S 1.5- —•—62b 
8 - • - 6 2 c 
I 1.0-
< � . 5 : �� 
n o J , . • . , . , ’ • ’ ， . • • • . , . . 
0 2 4 6 8 10 12 14 16 18 
Time (min) 
Figure 3.3 Comparison of the rates of decay DPBF sensitized by 54, 62a-c, and 
ZnPc in DMF as shown by the decrease in the absorbance at 411 nm. 
The electronic absorption spectra of 54 and 62a-c in water with THF (< 0.6% 
v/v) are shown in Figure 3.4. Their electronic absorption and photophysical data in 
this medium are compiled in Table 3.2. While compound 54 [Figure 3.4(a)], 62b 
[Figure 3.4(c)], and 62c [Figure 3.4(d)] show a relatively sharp and intense Q-band, 
the Q-band for compound 62a [Figure 3.4(b)] is slightly broadened. The 
fluorescence quantum yield of 62a is also lower than those of the other three 
compounds. Hence, the replacement of one of the cyclodextrin moieties with an 
isopropylidene-protected galactose reduces the water solubility of the macrocycle and 
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slightly increase its aggregation tendency in water.7 For 62c, which contains a 
1,3-bis(dimethylamino)-2-propoxy group, it is likely that it undergoes a partial 
protonation in water which hinders the intramolecular fluorescence quenching leading 
to a relatively high Op value (OF = 0.24). 
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Figure 3.4 UV-Vis spectra of (a) 54, (b) 62a, (c) 62b, and (d) 62c in water with 
THF (< 0.6% v/v) in different concentrations. The insets plot the 
Q-band absorbance versus the concentration of the dyes. 
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Table 3.2 Electronic absorption and photophysical data for 54 and 62a-c in water 
with THF (< 0.6% v/v). 
Compound 人瞧(nm) (log s) (1)广 
54 354 (4.68)，611 (4.36), 679 (5.11) 683 0.28 
62a 359 (4.45), 617 (4.07), 682 (4.65) 686 0.09 
62b 355 (4.84), 613 (4.45), 681 (5.15) 683 0.22 
62c 353 (4.78)，615( 4.47), 683 (5.26) 689 0.24 
a Excited at 610 nm. ^ Using ZnPc as the reference (Op = 0.28 in DMF). 
3.2.3 In vitro Photodynamic Activities 
Since compounds 62a and 62b tend to aggregate in aqueous media, all the 
phthalocyanines were formulated with Cremophor EL in the in vitro studies so that the 
results could be directly compared. The in vitro photodynamic activities of these 
compounds were investigated against two different cell lines, namely HT29 human 
colon adenocarcinoma and HepG2 human hepatocarcinoma cells. 
Figure 3.5 compares the effects of these compounds on the two cell lines both in 
the absence and presence of light. It can be seen that all these compounds are not 
cytotoxic in dark, but exhibit a substantial photocytotoxicity. Table 3.3 summarizes 
the corresponding IC50 values of the dyes. Compounds 62a-c show similar 
photoactivities toward the HT29 cells. Compared with the bis(cyclodextrin) 
phthalocyanine 54, these compounds are much more photocytotoxic with IC50 values 
about 6-fold lower. Similar results were obtained for the HepG2 cells. It can be 
seen that after replacing one of the cyclodextrin moieties of 54 with these sugar or 
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diamino moieties, the in vitro photocytotoxicity can be greatly enhanced. The very 
low IC50 values of 62a-c, in the range of 21-94 nM, indicate that these compounds are 
highly effective photosensitizers. Their photocytotoxicity (against HT29 cells) is 
significantly higher than that of the classical photosensitizer Photofrin (porfimer 
1 1 Q 
sodium) (IC50 = 7.5 jig mL" versus 47-59 ng mL" for 62a-c), pheophorbide a (IC50 = 
0.5 |IM),8 and several other porphyrin- and chlorin-based photosensitizers.^'^^ 
Table 3.3 Comparison of the IC50 values of 54 and 62a-c against HT29 and 
HepG2 cells. 
IC50 (nM)a 
Compound For HT29 For HepG2 
54 150 190 
62a 21 26 
62b 23 35 
62c n ^ 
a Defined as the dye concentration required to kill 50% of the cells. 
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Figure 3.5 Effects of compounds 54 and 62a-c (with the formulation of 
Cremophor EL) on HT29 (triangles) and HepG2 (squares) in the 
absence (closed symbols) and presence (open symbols) of light (k > 
610 nm, 40 mW cm" ,^ 48 J cm'^). Data are expressed as mean values 
士 S.E.M. of three independent experiments, each performed in 
quadruplicate. 
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To reveal the aggregation state of these compounds in the biological media, 
their absorption spectra were also recorded in the culture media. Figure 3.6 shows 
the spectra of 54 and 62a-c in the DMEM culture medium (for HT29 cells). A 
B-band at ca. 350 nm and an intense and sharp Q-band at ca. 680 nm appear. Two 
vibronic bands are also seen at ca. 608 and 647 nm. Very similar spectral features 
were observed in the RPMI medium (for HepG2 cells). These results suggest that all 
these compounds remain non-aggregated in the culture media. It is also worth 
noting that although compounds 62a and 62b tend to aggregate slightly in the aqueous 
media (as shown in Figure 3.4), they are free from aggregation in the culture media 
after being formulated with Cremophor EL. This can explain their high in vitro 
photocytotoxicites despite they tend to aggregate in aqueous media. The 
non-aggregated nature of these compounds is highly desirable as aggregation almost 
invariably shortens their triplet state lifetime, resulting in a drastic reduction of the 
overall photosensitizing efficiency." 
2-On 54 
62a 
1.6- I 62b 
亀 — — 6 2 c 
• Hi 
① ： 
c ‘ r 1 
CD ii i: 
-e i I： 
I 0.8- � I i 
0.4- \ I i 
• \ 
0 . 0 — — . ~ . ~ ^ ~ • ~ . 
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Wavelength (nm) 
Figure 3.6 Electronic absorption spectra of compounds 54 and 62a-c (8 |iM) in 
Cremophor EL emulsion in the DMEM culture medium. 
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The intracellular production of reactive oxygen species (ROS) of these 
compounds was also studied using 2 ‘ ,7'-dichlorodihydrofluorescein diacetate 
1 "7 
(DCFDA) as the quencher. As shown in Figure 3.7, all these compounds can 
generate ROS upon illumination and the efficiency of 62a-c is generally higher than 
that of compound 54 for both the cell lines. For HepG2 cells, the ROS generation 
efficiency follows the order 62a > 62b > 62c > 54, which is in good agreement with 
the trend observed for their photocytotoxicities (Table 3.3). However, for HT29 cells, 
it is worth noting that despite compounds 62a-c have quite different ROS generation 
efficacy, they show similar photocytotoxicities. It is likely that other factors such as 
cellular uptake may also play an important role. 
(a) (b) 
6 0 0 ] ^ o 4 0 0 1 
目虔丨：隨 
100-:|"H % f i I - _X 
0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 
[Photosensitizer] (^M) [Photosensitizer] (^M) 
Figure 3.7 ROS production sensitized by 54 (stars), 62a (circles), 62b (triangles), 
and 62c (squares) on (a) HT29 and (b) HepG2 in the absence (closed 
symbols) and presence (open symbols) of light (k > 610 nm, 40 mW 
2 2 
cm" , 48 J cm"). Data are expressed as mean values 士 S.E.M. of three 
independent experiments, each performed in quadruplicate. 
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In addition to the cell viability studies, we also employed confocal 
laser-scanning microscopy to investigate the cellular uptake and subcellular 
localization of these dyes against HT29 cells. After incubation with these 
compounds (formulated with Cremophor EL) for 2 h and upon excitation at 633 nm, 
the HT29 cells showed a strong intracellular fluorescence as bright and granular spots 
throughout the cytoplasm of the cells (Figure 3.8), indicating that there were a 
substantial uptake of the dyes. 
Compound 54 Compound 62a 
• • 
Compound 62b Compound 62c 
• • 
Figure 3.8 Visualization of intracellular fluorescence of HT29 cells after 
incubation with phthalocyanines 54 and 62a-c for 2 h. 
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As lysosomes and mitochondria are important targets for the initiation of 
apoptosis by PDT,^^ it would be important to reveal whether the dyes have a selective 
affinity to these subcellular compartments. We stained the HT29 cells with 
LysoTracker Green® DND-26 or MitoTracker Green® FM, which are specific 
fluorescence dyes for lysosomes and mitochondria, respectively, together with the 
phthalocyanine compounds. As shown in Figure 3.9, the fluorescence caused by the 
LysoTracker (excited at 488 nm, monitored at 500-550 nm) can be superimposed with 
the fluorescence caused by compounds 54 and 62c (excited at 633 nm, monitored at 
650-750 nm). As shown in Figure 3.10, their corresponding fluorescence intensity 
line profiles are also in good agreement. The results indicate that these compounds 
tend to reside in the lysosomes of the HT29 cells. By contrast, for the 
sugar-containing compounds 62a and 62b, the images could not be overlapped, 
showing that these two compounds do not have a selective affinity toward the 
lysosomes. In the subcellular localization studies using MitoTracker, we found that 
none of the phthalocyanines could target mitochondria of the HT29. Figure 3.10 
depicts the fluorescence images for compound 62b as an example. 
Previously, our group has examined the subcellular localization properties of 
compounds 16 and 60 against HT29 cells. ！，" It was found that the two 
sugar-containing compounds 16 and 60 target the lysosomes of HT29 cells. By 
considering the fact that the bis(cyclodextrin) substituted phthalocyanine 54 also 
targets the lysosomes [Figure 3.9(a)] while 62a and 62b do not [Figure 3.9(b) and 
3.9(c)], it is obvious that the lysosome-targeting property is lost after replacing one of 
the cyclodextrin moieties with these protected sugar units, which are regarded to 
possess lysosome-directing property. Interestingly, for the diamino phthalocyanine 
62c, although the l,3-bis(dimethylamino)-2-propoxy group of 61 does not possess a 
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lysosomes-targeting property (Figure 3.12), the compound shows a high affinity 
toward lysosomes. Hence, this structure-property relationship remains to be further 
examined, 
(a) 
• • • 
Compound 54 LysoTracker Merge 
• • • 
Compound 62a LysoTracker Merge 
(c) ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
Compound 62b LysoTracker Merge 
(d ) 
• • • 
Compound 62c LysoTracker Merge 
Figure 3.9 Visualization of intracellular fluorescence of HT29 cells using filter 
sets specific for phthalocyanines 54 and 62a-c (in red), the LysoTracker 
(in green), and the corresponding superimposed images. 
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Figure 3.10 Fluorescence intensity line profiles of the LysoTracker (——)and the 
phthalocyanines 54 and 62c ( ) across the indicated part of the HT29 
cells. 
(a) (b) _ _ _ _ (c) 
• • • 
Figure 3.11 Visualization of intracellular fluorescence of HT29 cells using filter 
sets specific for (a) phthalocyanine 62b, (b) the MitoTracker, and (c) 
the corresponding superimposed image. 
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� (b) (c) 
• • • 
Figure 3.12 Visualization of intracellular fluorescence of HT29 cells using filter 
sets specific for (a) phthalocyanine 61, (b) the LysoTracker, and (c) the 
corresponding superimposed image. 
3.3 Conclusion 
In conclusion, we have prepared and characterized a series of silicon(IV) 
phthalocyanines substituted with a permethylated (3-cyclodextrin moiety and an 
isopropylidene-protected galactose or glucose, or a diamino group. These 
compounds exhibit high photocytotoxicities toward both HT29 and HepG2 cells with 
IC50 values down to 21 nM. The results show that these unsymmetrically substituted 
phthalocyanines are more potent than the symmetrical analogue 54, probably due to 
their higher amphiphilicity. As revealed by confocal microscopy, the diamino 
analogue 62c also shows a high and selective affinity to the lysosomes of HT29. 
These cyclodextrin-based silicon(rv) phthalocyanines, having a well-defined structure 
and high photodynamic activity, represent a new and promising generation of 
photosensitizers for PDT. 
( 
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3.4 Future Work 
In attempt to promote the singlet oxygen formation through the heavy atom 
effect, we have introduced one to two chloro group(s) on the periphery of 
glycosylated silicon(IV) phthalocyanines.'''"^ One example has been illustrated in 
Section 1.2.2.3. It has been found that the values of OA increase in DMF upon 
chlorination, which promotes the intersystem crossing through spin-orbit coupling. 
However, the large chloro substituents exaggerate the aggregation of the macrocycles 
in the culture media, which somehow outweighs the heavy atom effect. As shown in 
Chapters 2 and 3, cyclodextrins can greatly help to prevent aggregation of 
phthalocyanines even in the aqueous media, mainly due to their large cyclic structures 
with a hydrophilic surface. We believe that addition of heavy atoms such as the 
halogen groups on the periphery of these cyclodextrin-containing silicon(IV) 
phthalocyanines can promote the formation of singlet oxygen even in the culture 
media, leading to a further improvement in their photodynamic activities. This is 
one of the future works which is worth pursuing. 
3.5 Experimental Section 
3.5.1 General 
Experimental details regarding the purification of solvents, instrumentation, 
photophysical measurements, and in vitro studies have been described in Section 2.4.1 
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and 2.4.2. 
For the photocytotoxicity assay, the phthalocyanines were first dissolved in 
DMF to give 1.6 mM solutions, which were then diluted to 80 jiM with an aqueous 
solution of Cremophor EL (Sigma, 4.7 g in 100 mL of water). The solutions were 
filtered with 0.2 [im filter and then diluted with the culture medium to appropriate 
concentrations. 
For the subcellular localization study using MitoTracker, the cells were 
incubated with a solution of the phthalocyanines (with the formulation of Cremophor 
EL) in the medium (0.5 [iM, 2 mL) for 100 min at 37^C under 5% CO2. MitoTracker 
Green® FM (Molecular Probes; 2 mM in DMSO 1 |iL) was then added, and the cells 
were incubated under these conditions for a further 30 min before viewing under 
microscope. 
3.5.2 Synthesis 
Preparation of Phthalocyanine 54 
A mixture of SiPcCb (6) (0.23 g, 0.38 mmol), mono-6-hydroxy permethylated 
p-cyclodextrin 55 (1.08 g, 0.76 mmol), and NaH (0.10 g, 4.17 mmol) in toluene (30 
mL) was heated at reflux overnight. The volatiles were removed under reduced 
pressure, then the residue was chromatographed on a silica gel column using 
CHCb/MeOH (20:1) as eluent. The product was obtained as a blue solid (0.70 g, 
55% yield). Rf [CHCls/MeOH (10:1)] = 0.58. ^H NMR (CDCI3): 5 = 9.57-9.60 (m, 
8 H, Pc-Ha), 8.30-8.33 (m, 8 H, Pc-Hp), 4.76-5.01 (m, 7 H, CD-H!), 2.18-3.78 (m, 194 
H), 2.06 (vt, 9.5 Hz, 2 H, H3), 1.91 {dd,J= 3.0, 9.5 Hz, 2 H), 1.47 (d, J = 3.0 Hz, 
2 H), 1.29 ( d d , J = 3.6, 9.5 Hz, 2 H, H2), 0.98 ( d , J = 9.0 Hz, 2 H，H5)，0.04 (yt,J = 
8.5 Hz, 2 H, H4), -0.49 ( d , J = 11.4 Hz, 2 H, He), -2.49 (d , J= 11.4 Hz, 2 H, H6’). 
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Preparation of l,2:3,4-Di-0-isopropylidene-a-D-galactopyranose 
A mixture of D-galactose (10.05 g, 55.78 mmol), anhydrous CUSO4 (19.82 g, 124.18 
mmol), and concentrated H2SO4 (2 mL) in acetone (300 mL) was stirred at ambient 
temperature overnight. The mixture was then filtered and the filtrate was 
neutralized with Ca(0H)2. The neutralized solution was filtered and concentrated. 
The crude product was redissolved in CHCI3 (100 mL) and washed with water (50 
mL X 2). The organic layer was dried with anhydrous MgSOzi, filtered, and 
concentrated to give an oily yellow liquid (7.96 g, 55% yield). 'H NMR (CDCI3): 6 
=5.56 id,J= 4.8 Hz, 1 H, Hi), 4.62 (dd, J= 2.4, 7.8 Hz, 1 H, CH), 4.33 (dd, J= 2.4, 
4.8 Hz, 1 H, CH), 4.26 (dd, J = 1.2, 8.1 Hz, 1 H, CH), 3.82-3.86 (m, 2 H , 恥 
3.70-3.77 (m, 1 H, CH), 1.53 (s, 3 H, Me), 1.45 (s, 3 H, Me), 1.33 (s, 6 H, Me). 
Preparation of 3-0-(ll-hydroxy-3,6,9-trioxaundecyl)-l,2:5,6-di-0-isopropylidene 
-a-D-glucofuranose (61b)^ 
l,2:5,6-Di-0-isopropylidene-a-D-glucofuranose (13.59 g, 52.21 mmol)^^ was added 
to a suspension of NaH (2.95 g, 122.92 mmol) in THF (120 mL). After the 
evolution of gas bubbles had ceased, a solution of the tetraethylene glycol 
monotosylate (9.00 g, 25.83 mmol)口 in THF (30 mL) was added slowly. The 
mixture was stirred vigorously at room temperature for 24 h. A few drops of water 
were then added to quench the reaction. The volatiles were then removed under 
reduced pressure. The residue was mixed with water (120 mL) and the mixture was 
extracted with CHCI3 (100 mL x 3). The combined organic extracts were dried over 
anhydrous MgS04 and evaporated under reduced pressure. The residue was subject 
to silica-gel column chromatography using ethyl acetate as eluent. The product was 
obtained as a colorless transparent liquid (6.28 g, 28% yield). Rf (ethyl acetate)= 
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0.28. 1h NMR (CDCI3): 6 = 5.88 (d, 3.6 Hz, 1 H, H,), 4.58 (d, 3.6 Hz, 1 H, 
H2), 4.28-4.36 (m, 1 H, H5), 4.07-4.15 (m, 2 H, H6), 3.98-4.01 (m, 1 H, H4), 3.91 (d, J 
=3.0 Hz, 1 H, H3), 3.58-3.77 (m, 16 H, CH2), 2.88 (t, 7.5 Hz, 1 H, OH), 1.48 (s, 3 
H, Me), 1.41 (s, 3 H, Me), 1.34 (s, 3 H, Me), 1.30 (s, 3 H, Me). 
Preparation of Phthalocyanine 62a 
A mixture of l,2:3,4-di-0-isopropylidene-a-D-galactopyranose (61a) (0.12 g, 0.46 
mmol) and NaH (0.10 g, 4.17 mmol) in toluene (20 mL) was stirred at room 
temperature for 30 min. SiPcCl! (6) (0.43 g, 0.70 mmol) was then added and the 
mixture was refluxed for a further 1 h. Upon cooling, a mixture of mono-6-hydroxy 
permethylated P-cyclodextrin 55 (0.64 g, 0.45 mmol) and NaH (0.10 g, 4.17 mmol) in 
toluene (10 mL) was poured into the mixture. It was then brought to reflux again for 
2 days. The volatiles were then evaporated in vacuo, and the residue was 
chromatographed using firstly CHCI3 and then CHCb/MeOH (50:1) as the eluents. 
The product was obtained as a blue solid (0.14 g, 14% yield). Rf [CHCb/MeOH 
(20:1)] = 0.39. ^H NMR (CDCI3): 5 = 9.58-9.63 (m, 8 H, Pc-Ha), 8.31-8.35 (m, 8 H, 
Pc-Hp), 4.97-5.02 (m, 4 H, CD-Hi), 4.79 (d, J = 3.3 Hz, 1 H, CD-Hi), 4.37 (d, 4.9 
Hz, 1 H, GAL-Hi), 2.25-3.78 (m, 100 H), 2.07 (t, J= 9.4 Hz, 1 H, CD-H3), 1.94 (dd, J 
=2.3, 7.3 Hz, 1 H, CD-H), 1.48 (d, 2.6 Hz, 1 H, CD-H), 1.32 (dd , J= 3.3, 7.5 Hz, 
1 H, CD-H2)，0.99 (d, J - 9.4 Hz, 1 H, CD-H5), 0.79 (s, 3 H, GAL-Me), 0.69 (s, 3 H, 
GAL-Me), 0.50 (s, 3 H, GAL-Me), 0.31 (s, 3 H, GAL-Me), 0.03-0.09 (m, 1 H, 
CD-H4), -0.49 (d, J = 11.7 Hz, 1 H, CD-H6),-1.68 to -1.73 (m, 1 H, GAL-H6), -2.36 (t, 
J= 8.7 Hz, 1 H, GAL-H6,)，-2.48 (d, J = 12.0 Hz, 1 H, CD-H6,). NMR 
(CDCI3)： 6 = 149.4 (Pc), 136.1 (Pc), 130.8 (Pc), 123.6 (Pc), 107.3 (GAL-CMe2), 
107.2 (GAL-CMe2), 94.0-99.0 (several overlapping signals of which 94.9 was 
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assigned to GAL-Ci, while the remaining signals was assigned to CD-Ci), 94.9 
(GAL-Ci), 82.3, 82.1, 81.9, 81.8, 81.7, 81.6, 81.5, 81.1, 80.9 (two overlapping 
signals), 79.9, 79.8, 79.7, 79.6 (two overlapping signals), 79.3, 79.0, 76.4, 71.3, 71.0, 
70.9, 70.6, 70.3, 70.2, 69.8, 69.7，69.3 (GAL-C2), 68.8 (GAL-C3), 67.3 (GAL-C4), 
64.0 (GAL-C5), 61.8, 61.7, 61.3, 61.1, 61.0, 60.9, 60.6, 59.0, 58.9, 58.8, 58.6 (two 
overlapping signals), 58.5, 58.4 (two overlapping signals), 58.1, 56.4, 54.2, 53.0 
(GAL-C6), 25.3 (GAL-Me), 24.4 (GAL-Me), 24.3 (GAL-Me), 22.8 (GAL-Me). MS 
(ESI): an isotopic cluster peaking at m/z = 2236.0 {77%, [M +Na]+}. HRMS (ESI): 
m/z calcd for Cio6Hi44N8Na04iSi [M+Na]+: 2235.9090; found: 2235.9073. 
Preparation of Phthalocyanine 62b 
A mixture of 3-(9-( 11 -hydroxy-3,6,9-trioxaundecy 1)-1,2:5,6-di-(9-isopropylidene-a-D-
glucofuranose (61b) (0.17 g, 0.39 mmol) and NaH (0.10 g, 4.17 mmol) in toluene (20 
mL) was stirred at room temperature for 30 min. SiPcCb (6) (0.35 g, 0.57 mmol) 
was then added and the mixture was brought to reflux for 1 h. Upon cooling, a 
mixture of mono-6-hydroxy permethylated P-cyclodextrin 55 (0.56 g, 0.40 mmol) and 
NaH (0.10 g, 4.17 mmol) in toluene (10 mL) was poured into the mixture. It was 
then brought to reflux again for 2 days. The volatiles were evaporated in vacuo, then 
the residue was subject to column chromatography on neutral alumina using 
CHCls/MeOH (1:1) as the eluents, followed by gel permeation chromatography using 
THF as eluent. The crude product was chromatographed again on neutral alumina 
using CHCI3 and then CHCls/MeOH (1:1) as eluent. The product was collected as a 
shiny blue solid (0.10 g, 10% yield). ^H NMR (CDCI3): 5 = 9.59-9.62 (m, 8 H, 
Pc-Ha), 8.31-8.34 (m, 8 H, Pc-Hp), 5.75 (d，/二 3.6 Hz, 1 H, GLU-Hi), 4.97-5.01 (m, 4 
H, CD-Hi), 4.77 (d, J = 3.5 Hz, 1 H, CD-Hj), 4.41 (d, J = 3.6 Hz, 1 H, GLU-H2), 
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4.15-4.21 (m, 1 H, GLU-H5), 4.03 (dd, 2.8, 4.7 Hz, 1 H, GLU-H4), 3.88-3.98 (m, 
2 H, GLU-H6), 2.24-3.78 (m, 107 H), 2.06 (t, 9.6 Hz, 1 H, CD-H3), 1.91 (dd, J = 
2.7, 6.8 Hz, 1 H), 1.66 (t, 4.8 Hz, 2 H, H。)，1.47 (t, J = 3.5 Hz, 1 H), 1.42 (s, 3 H, 
GLU-Me), 1.35 (s, 3 H, GLU-Me), 1.28-1.32 (m, 1 H, CD-H2), 1.23 (s, 3 H, 
GLU-Me), 1.20 (s, 3 H, GLU-Me), 0.98 (d, 9.1 Hz, 1 H, CD-H5), 0.38 (t, J = 5.7 
Hz, 2 H, Hb), 0.04 ( d ， 9 . 3 Hz, 1 H, CD-H4), -0.48 (d, J = 11.1 Hz, 1 H, CD-H6), 
-1.92 (t, J = 5.7 Hz, 2 H, Ha), -2.50 (d, J= 12 Hz, 1 H, CD-H6，). NMR 
(CDCI3): 5 = 149.3 (Pc), 136.0 (Pc), 130.9 (Pc), 123.6 (Pc), 111.7 (CMe�)，108.9 
(CMe2), 105.2 (GLU-Ci), 94.0-99.0 (several overlapping signals, CD-Ci), 82.6, 82.5, 
82.2, 81.9, 81.8, 81.5, 81.0, 80.9, 79.8, 79.6, 79.4, 78.8, 72.5, 71.0, 70.8，70.6，70.2, 
70.0, 69.9，69.7, 69.4 (two overlapping signals), 69.2, 68.6, 67.1, 61.7 (two 
overlapping signals), 61.3, 61.0 (two overlapping signals), 60.9, 60.6, 58.9 (two 
overlapping signals), 58.8, 58.7, 58.6, 58.5, 58.3, 58.1, 56.3, 54.7, 54.1, 29.5, 26.8 
(GLU-Me, two overlapping signals), 26.2 (GLU-Me), 25.4 (GLU-Me). MS (ESI): 
an isotopic cluster peaking at m/z = 2412 {74%, [M+Na]+}. HRMS (ESI): m/z calcd 
forCii4Hi6oN8Na045Si [M+Na]+: 2412.0139; found: 2412.0149. 
Preparation of Phthalocyanine 62c 
A mixture of 1,3-bis(dimethylamino)-2-propanol (61c) (0.10 g, 0.68 mmol) and NaH 
(0.12 g, 5.00 mmol) in toluene (20 mL) was stirred at room temperature for 30 min. 
SiPcCl2 (6) (0.61 g, 1.00 mmol) was then added and the mixture was brought to reflux 
for 1 h. Upon cooling, a mixture of mono-6-hydroxy permethylated P-cyclodextrin 
55 (0.98 g, 0.69 mmol) and NaH (0.11 g, 4.58 mmol) in toluene (20 mL) was poured 
into the mixture. It was then brought to reflux again for 2 days. The volatiles were 
evaporated in vacuo, then the residue was subject to column chromatography on 
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neutral alumina using CHCI3 as eluent, followed by gel permeation chromatography 
using THF as eluent. It was then further purified again by flash column 
chromatography on neutral alumina using firstly CHCh/MeOH (20:1) and then 
CHCls/MeOH (10:1) as the eluents. The product was obtained as a shiny dark green 
solid (0.15 g, 10% yield). ^H NMR (CDCI3): 5 = 9.59-9.61 (m, 8 H, Pc-Ha), 
8.29-8.32 (m, 8 H, Pc-Hp), 4.98-5.02 (m, 4 H, CD-Hi), 4.80 (d, J = 3.3 Hz, 1 H, 
CD-Hi), 2.27-3.76 (m，97 H，CD-H), 2.07 (t, J = 9.5 Hz, 1 H, CD-H3), 1.93 (dd, •/ = 
2.7, 6.8 Hz, 1 H, CD-H), 1.47 (d, 2.7 Hz, 1 H, CD-H), 1.33 (dd, 3.3, 6.7 Hz, 1 
H, CD-H2), 1.00 (d，J= 9.2 Hz, 1 H, CD-H5), 0.49 (s, 12 H, NMe), 0.06 (vt, J 二 9.0 
Hz, 1 H, CD-H4), -0.50 (d, 11.4 Hz, 1 H, CD-He), -0.79 (dd, 5.1, 7.5 Hz, 2 H, 
CH2), -1.50 (br s, 2 H, CH2), -2.48 (d, J二 11.7 Hz, 1 H, CD-H6’), -2.71 (t, J = 5 . 1 Hz, 
1 H, CH). 13C{1H} NMR (CDCI3): 5 二 149.5 (Pc), 135.6 (Pc), 131.4 (Pc), 123.9 (Pc), 
94.1-99.1 (several overlapping signals, CD-Ci), 82.2, 81.8 (two overlapping signals), 
81.6, 80.9 (three overlapping signals), 79.9 (three overlapping signals), 79.6, 78.6, 
71.1 (five overlapping signals, CH and CH2), 70.1 (two overlapping signals), 69.7, 
69.0, 61.7 (two overlapping signals), 61.3, 61.0, 60.7, 60.2, 58.9 (two overlapping 
signals), 58.7, 58.6, 58.3 (two overlapping signals), 58.2, 58.1, 56.4, 54.3, 44.3 (NMe). 
MS (ESI): an isotopic cluster peaking at m/z - 2 1 0 0 {96%, [M+H]+}. HRMS (ESI): 
m/z calcd for CioiHi43Nio036Si [M+H]+: 2099.9430; found: 2099.9420. 
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Construction of Mixed PhthalocYanine-Porphyrm 
Systems through Host-Guest Interactions 
in Aqueous Media 
Chapter 2 
4.1 Introduction 
Supramolecular chemistry represents an elegant approach for the construction of 
functional systems from simple molecular building blocks by self-assembly and 
self-organization using non-covalent interactions] This approach has been widely 
used to build sophisticated porphyrin scaffolds for the collection, conduction, and 
conversion of light and redox energy? Phthalocyanines (Pes) are another class of 
functional dyes which have been employed extensively as subunits for the 
construction of functional materials since they exhibit special electronic and optical 
characteristics. Among all the Pes, silicon phthalocyanines have gained great 
attention due to their high solubility in organic solvents and low aggregation tendency, 
which is a common phenomenon for most peripherally substituted Pes. On the basis 
that Pes and porphyrins have complementary absorptions in the visible region and 
exhibit distinct redox and photophysical properties, heteroarrays of these macrocycles 
can absorb strongly over a large part of the solar spectrum, which can facilitate 
various light-induced processes. This property is important in applications such as 
light-harvesting, photovoltaics, and molecular photonics.) A substantial number of 
mixed phthalocyanine-porphyrin arrays have been reported."^ Apart from axial 
coordination^ and electrostatic interaction," '^^  host-guest interaction is another strategy 
to build these hybrid systems. 
We have recently assembled a mixed phthalocyanine-porphyrin array in aqueous 
media through host-guest interactions using /?-TPPS4 (9) as the guest and 
cyclodextrin-conjugated phthalocyanine 54 as the host [Figure 4.1(a)] 7 This 
complex exhibits a light-harvesting property as a result of energy-transfer from the 
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excited porphyrin to the phthalocyanine core as shown in Figure 4.1(b). We describe 
herein an extension of this work using phthalocyanines 59a and 59b described in 
Chapter 2 to complex with 9 in aqueous media and to investigate the effect of 
different spacers on the light-harvesting property of these hybrid systems. 
(a ) 
O - R 
JL N. ) S i \ ^ N 
< y S 3 J 
® 
SO3 Na ^ c 
59a R = ^ v ^ N " " ^ 
P-TPPS4 H Q j j 
9 
59b R = 
(b) 
Tppk f~‘ 
e V ^ � � 1 D …. 
Energy ^ 
Transfer 
Figure 4.1 (a) Structures of the tetrasulfonated porphyrin 9 and 
cyclodextrin-conjugated phthalocyanines 54 and 59a-b. (b) Schematic 
structure of the supramolecular complex of phthalocyanine 54 and 
porphyrin 9. 
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4.2 Results and Discussion 
It was reported that heptakis(2,3,6-tri-0-methyl)-P-cyclodextrin (TMe-p-CD) 
(40) forms very stable 2:1 inclusion complexes (63 and 64) with water soluble 
m^50-tetrasubstituted porphyrins in aqueous media (Figure 4.2).8 We believe that 
similar complexation effect will occur between the tetrasulfonated porphyrin 9 and the 
permethylated p-cyclodextrin-containing phthalocyanines 59a and 59b. As 
porphyrins and phthalocyanines absorb and emit in different regions, their 
complexation can be studied by UV-Vis and fluorescence spectroscopy. 
0 
I ——：^:… . . I � � ^ 
i I ： MeO I J ^ 
: OMe I C O 2 
j TMe-p-CD I 
i 40 ！ 63 M = H2 
64 M = Zn 
Figure 4.2 Structures of the 2:1 host-guest complexes 63 and 64. 
Figure 4.3(b) shows the changes in absorption spectra of 59a upon addition of 9 
in water. The Q-band of 59a at 682 nm is gradually decreased in intensity, giving 
another new band at 687 nm with a clear isobestic point at 685 nm. Similarly, as 
shown in Figure 4.3(c), the Q-band of 59b at 677 nm is gradually decreased in 
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intensity with a clear isobestic point at 682 nm. However, unlike 59a, no discemable 
new band appears. By comparing these spectral changes with those for 54 [Figure 
4.3(a)]，7 it can be seen that the spectral features at the Q-band region are quite 
different among the three compounds. It seems that a new band appears at the lower 
energy side when the spacer between the CD and Pc is shorter. Under this 
circumstance, porphyrin 9 being partially trapped inside the CD, is closer to the Pc 
core, inducing a greater spectral change. 
(a) Compound 54 (b) Compound 59a 
2.8-, t 24n \ ‘‘ 08] 1 08 Mk 
i E ： 丨 • 丨 丨 
- g H — ^ 1 2 - 660 680 700 720 740 
O 1 9 . H O . o J ~ , I I ^ Wavelength (nm) 
(/) •丄 H 660 680 700 720 740 Jj^  I I 
受 I W a v e l e n g t y n m ) 受 Q Q _ I 1 
EUl I J < : M x.J\ 
300 4 0 0 500 600 700 800 300 400 500 600 700 800 
Wavelength (nm) Wavelength (nm) 
(c) Compound 59b 
2 . 4 . t 1， 1 
2。： 1:: A 
g 1.6- < 0 2 . ^ ^^^ 
c o . o J . ~ . ~ . _ ，~• 
(0 1 . 2 " 660 660 700 720 740 
Wavelength (nm) 
300 400 500 600 700 800 
Wavelength (nm) 
Figure 4.3 Changes in absorption spectra of (a) 54, (b) 59a, and (c) 59b (all at 5 
|JM) upon addition of 9 in water. The insets indicate the clear 
isobestic point at 687 nm (for 54), 685 nm (for 59a), and 682 nm (for 
59b). 
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As indicated in Figure 4.4, the change in absorbance of 59a (at 682 and 687 nm) 
and 59b (at 677 nm) becomes steady when one equiv. of 9 is added. These 
observations strongly suggest that 1:1 inclusion complexes are formed between the 
phthalocyanines and porphyrin 9. As P-cyclodextrin derivatives usually bind to 
charged w^50-tetrasubstituted porphyrins in 2:1 manner (Figure 4.2), compounds 59a 
and 59b bearing two permethylated P-CD units logically can bind to one equiv. of 9 
forming head-to-tail supramolecular complexes as shown in Figure 4.1(b), although 
2:2 cyclic supramolecular complexes cannot be precluded at this stage. 
(a) (b) 
0.18] ：, 687nm � • • 
0.12: ^ ^ \ -003-
0.06: 1 -0.06- \ 
^ 0 . 0 0 < I “ 。 9 : \ 
^ ^ ； - 0 . 1 2 - \ 
- 0 . 0 6 - ^ ^ ； \ 丨 
^ ^ ^ : -0.15- \ : 
-0.12— 682 nm -0.18： 
-0.18-1~‘I~‘1~‘~I‘~1~‘~I•I~‘~I~‘~1 ~‘~‘~‘~I~‘I~,~I~‘~~‘~I~‘~1~‘‘ 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
[9]/[69a] [9]/[59b] 
Figure 4.4 Change in absorbance at the Q-bands of (a) 59a and (b) 59b versus the 
concentration ratio of [9]/[Pc]. 
Figure 4.5 shows the negative-ion mode ESI mass spectra of the 1:1 complexes 
between phthalocyanines 59a-b and 9. They show the base peaks at m/z 1096.52 
(for 59a) and 1117.29 (for 59b), respectively. These values as well as the isotopic 
patterns (see the insets of Figure 4.5) are in good agreement with the ions 
corresponding to [59a+9-4Na]'^' and [59b+9-4Na]^', respectively. The signals for the 
higher aggregates of 59a+9 and 59b+9 were not found. 
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Figure 4.5 Part of the ESI mass spectra of the host-guest complexes of (a) 59a and 
(b) 59b with 9. The insets show the corresponding simulated patterns. 
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By using the method derived by Inoue et al. (Appendix A),^''^ the binding 
constants for these complexes were determined and are listed in Table 4.1. It can be 
seen that the binding constants of all these complexes have an order of magnitude of 
o 
10 , indicating that phthalocyanines 54, 59a, and 59b possess comparable binding 
strength with 9 and the linker do not significantly affect the binding. 
Table 4.1 Binding constants of the host-guest complexes of compounds 54, 59a, 
and 59b with 9. 
Compound Binding Constant {K) / M"' 
54 (1.3± 1.2) X 108 
59a (3.5± 1.8) X 108 
59b (3.1±2.4)x 108 
It was reported that when 54 was excited at 610 nm, it gave a strong 
fluorescence at 683 nm in water, but the signal was quenched gradually upon titration 
with porphyrin 9 [Figure 4.6(a)]. Similarly, as shown in Figure 4.6(b) and Figure 
4.6(c), the fluorescence intensities of 59a and 59b measured in water were reduced 
upon addition of porphyrin 9. This was accompanied with a slight bathochromic 
shift of the emission maxima. It is obvious that the extent of fluorescence quenching 
is quite different for these compounds. 
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(a) Compound 54 
"t 4001 
i 
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(b) Compound 59a 
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Figure 4.6 Change in fluorescence spectra of (a) 54, (b) 59a, and (c) 59b (all at 5 
|iM) upon addition of 9 (from 0 to 8 pM) in water. 
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The rate of fluorescence quenching could be analyzed by the Stem-Volmer 
equation as shown below: 
/o"二 1 +火 4 Q ] 
where / � a n d I are the fluorescence intensities in the absence and presence of the 
quencher, respectively, [Q] is the concentration of the quencher, which is porphyrin 
9 in the present case, Ksv is the Stem-Volmer quenching constant. Figure 4.7 shows 
the Stem-Volmer plots for compounds 54, 59a, and 59b from which the values of Ksv 
could be determined (Table 4.2). It can be seen that the values of Ksv follows the 
order 54 » 59a > 59b. Hence, the rate of fluorescence quenching depends on the 
length of the spacers. The rate is relatively slower for phthalocyanine having a 
longer spacer. The non-linear Stem-Volmer plot for 54 clearly shows that it is a 
static quenching as a result of the host-guest interactions between 54 and 9. 
12-] 
一 • 一 54 
>,n —•— 59a • 
10- — 5 9 b / 
8: / 
i 6: / 
4: 乂 
2 - A 
啬二金二 •=•=•=•二齒=膽 
0 -I—‘—I—•—I—“—I—‘—I—‘—I—“—I—‘—I—‘—I—‘—I 
0 1 2 3 4 5 6 7 8 9 
[TPPS] (nM) 
Figure 4.7 Stem-Volmer plots for the fluorescence quenching of 54 (triangles), 
59a (circles), and 59b (squares) (all at 5 jLiM) upon addition of 9 in 
water. 
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Table 4.2 Stem-Volmer quenching constants of 54, 59a, and 59b in water. 
Compound Stem-Volmer Quenching Constant (Ksv) / M'! 
54 *1.97 X 10^ 
59a 7.49 x 10^ 
59b 4.88 X 104 
* Calculation based on the first five data points. 
It has been illustrated previously that the transient absorption spectrum of a 1:1 
mixture of 54 and 9 in water shows a very weak band at ca. 580 nm, which can be 
attributed to the transient absorption of the radical anion (SiPc'') of 54.7，" This 
observation supports that the fluorescence quenching is due to a photoinduced 
electron-transfer (PeT) process. In order to have a better understanding on the 
effects of the spacers on the PeT process, we also recorded the transient absorption 
spectra of the complexes formed between phthalocyanines 59a-b and porphyrin 9. It 
can be seen in Figure 4.8 that the absorption bands assignable to the radical anions of 
the phthalocyanines are extremely weak in both cases. Based on the fluorescence 
and the transient absorption spectra, we believe that PeT process still occurs. 
However, the process is not as effective as that for compound 54 under the same 
condition and so the radical anion absorption band is not that noticeable. This is also 
corroborated with the incomplete fluorescence quenching as seen in Figures 4.6(b) 
and 4.6(c). 
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Figure 4.8 Transient absorption spectra (excited at 615 nm) of 59a-b and their 
host-guest complexes with 9 at a delay time of 90 ps. 
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As shown in Figure 4.9, upon excitation at 510 nm, where only porphyrin 9 has 
a weak absorption, the 1:1 supramolecular complex of 59b and 9 in water emitted 
strongly at 683 nm, which could be ascribed to the fluorescence of the phthalocyanine 
unit. For 9 alone, a weak emission at 639 nm was observed. Excitation of 59b in 
water at this position did not give the emission band at 683 nm. Similar spectral 
features were observed for 59a. These observations indicated the presence of an 
efficient singlet-singlet energy-transfer process, from the excited porphyrin to the 
phthalocyanine component in the complex. This can also be confirmed by the 
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Figure 4.9 Fluorescence spectra of porphyrin 9，phthalocyanine 59b, and their 
host-guest complex in water upon excitation at 510 nm (all at 5 |iM). 
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Table 4.3 Change in fluorescence quantum yields of 9 upon complexation with 
phthalocyanines 54, 59a, and 59b. 
Com ound OF a of 9 
(Before — After Complexation) 
54 0.20 0.01 
59a 0.20 4 0.02 
59b 0.20 — 0.03 
a With reference to we^-o-tetraphenylporphyrin in benzene (Op = 0.11).'^ 
Apart from the above results, we also recorded the excitation spectra of both 
complexes. Figure 4.10 shows the excitation spectrum (monitored at 683 nm) of the 
complex between 59b and 9, in which apart from the signals corresponding to the 
absorptions of 59b (at 351, 609, 643, and 678 nm), a strong band at 417 nm and a 
weak band at 510 nm, corresponding to the Soret and Q-bands of 9, respectively, also 
appear. Similarly, the excitation spectrum of the host-guest complex of 59a and 9 
also shows the corresponding absorption bands of both components, indicating the 
presence of energy-transfer in these hybrid systems. In addition to energy-transfer, it 
is believed that electron-transfer is also a way to depopulate the first excited state of 
the phthalocyanines, no matter if it is generated by direction excitation of the 
phthalocyanine or through an energy-transfer from the excited porphyrin 9. 
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Figure 4.10 Excitation spectrum (monitored at 683 nm) of the complex formed 
between 59b and 9. 
The light-harvesting efficiency quantified as energy-transfer quantum yield 
(OENT) was estimated by comparing the normalized (at 610 nm, where only 
phthalocyanine component absorbs) absorption and excitation spectra at porphyrin's 
Soret band region.'^ Figure 4.11 shows the normalized spectra of compound 59b. 
Similar calculations were performed for 59a and the values of � E N T are summarized 
in Table 4.4. These results indicated that the energy-transfer efficiency is less 
efficient when the linker is lengthened. The light-harvesting property of the 
host-guest complex of the phthalocyanines and porphyrin 9 can be attributed to the 
exceptionally strong binding of the two components. In fact, host-guest 
light-harvesting antenna systems based on cyclodextrins have been documented.'^ 
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Figure 4.11 The normalized (at 610 nm) absorption (—) and excitation spectra 
(monitored at 683 nm)(——)of the 1:1 inclusion complex of 59b and 9 
in water. The energy-transfer quantum yield (OENT) was determined 
by comparing the area of the porphyrin's Soret band between 390-430 
nm. 
Table 4.4 Light-harvesting efficiency of the 1:1 host-guest complexes between 
porphyrin 9 and phthalocyanines 54, 59a, and 59b. 
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4.3 Conclusion 
Stable 1:1 host-guest complexes are formed between p-cyclodextrin-containing 
silicon(IV) phthalocyanines 59a-b and tetrasulfonated porphyrin 9. These inclusion 
complexes exhibit energy-transfer from the excited porphyrin to the phthalocyanine 
core which can serve as models for artificial photosynthetic systems. As shown by 
various spectroscopic techniques, the rate of fluorescence quenching and the 
energy-transfer efficiency correlate well with the length of the spacers. Generally a 
shorter linker induces a faster rate of fluorescence quenching and a greater 
light-harvesting efficiency. 
4.4 Experimental Section 
Experimental details regarding the purification of solvents and instrumentation 
have been described in Section 2.4.1. w-Tetraphenylporphyrin sulfonic acid (9) was 
purchased from Fluka and used without further purification. Deionized water was 
used for all spectroscopic measurements. All the phthalocyanines were first 
dissolved in THF to give 1.0 mM solutions, and then diluted with deionized water to 
appropriate concentrations. Phthalocyanines 54, 59a, and 59b were prepared 
according to the procedures described in previous sections. 
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Appendix B 
Determination of Binding Constants 
Among the many methods used for determining the binding constants, the two 
most commonly encountered ones in the context of supramolecular chemistry are 
based on UV-Vis and NMR spectroscopy. The former method is well suited to 
complexes in which either the host or guest have chromophores, while the latter 
method is more widely applied when the supramolecular hosts do not contain 
chromophores and when their protons are subject to measurable chemical shifts. The 
mathematical expressions that we used for the determination of the binding constants 
are based on the one derived by Inoue et al. The 1:1 inclusion complexation of a 
guest (G) with a host (H) can be expressed by the following equation: 
K 
H + G � ) [HG] (1) 
The absorption spectral change (AT) upon addition of the guest, defined as A/ = / 
(with guest) — Iq (without guest), is assumed to be proportional to the concentration of 
the inclusion complex produced, i.e. A/ = a[HG]. The proportionality coefficient a 
is taken as a sensitivity factor for the absorption spectral change induced by the 
addition of one molar guest, or a quantitative measure of the conformational changes 
upon complexation. Then, the complex stability constant {K) is given by Equation 2, 
where [H]�and [G]�are the initial concentrations of host and guest, respectively. 
K = 巡 = ^ (2) 
[H][G] ([Hl-M/a)([G],-AI/a) 
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When the concentration of the complex formed is much smaller than the initial guest 
concentration, i.e. [G]o » [HG] and therefore [G]o = [G]. The K value is 
calculated from the reciprocal slope of Equation 2. According to this approximation, 
AI = -(\/K)iM/[Gl)-^a[Hl (3) 
the Al value was plotted against the A/ / [G]o value, a good straight line was obtained 
in their previous study, where the K values are relatively low (< 2000 mol'^ dm)). 
However, in some cases, where water is used as solvent, the K value often exceeds 
this limit and A/ / [ G ] � - A/ plot deviates significantly from the regression line. 
Hence, Equation 2 is solved for 
A/ = { a m o + [G]o ( [H]�+ [ G ] � ^ l / K f - 4 a ' [ l l l [ G ] � } / 2 (4) 
and the curve fitting, using a non-linear least square method, was employed in the 
determination of K values. It was found that no serious deviations were found in the 
curve fitting, which in turn confirms the 1:1 stoichiometry for the host-guest complex 
ratio. When repeated measurements were made, the K values were reproducible 
within an error of 士 5%, which corresponds to an estimated error of 0.15 kJ moi"' in 
the free energy complexation. 
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Appendix B1 ^H and NMR spectra of compound 58a in CDCI3 
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Appendix B2 ^H and NMR spectra of compound 58b in CDCI3 
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Appendix B3 ^H and NMR spectra of compound 58c in CDCI3 
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Appendix B4 (H and NMR spectra of compound 58d in CDCI3 
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Appendix B5 ^H and NMR spectra of compound 59a in CDCI3 
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Appendix B6 ^H and NMR spectra of compound 59b in CDCI3 
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Appendix B7 ^H and NMR spectra of compound 59c in CDCI3 
d ci «T>. m ™ ® ® ® ® ^ '-n u-： ar, ^ O rr. r-- ^  in .nr^^ririr^^riru^v^ooodooo--^— --c^n, 
I I 
I I I 
‘ I 1^590 
j I 
Ij, J ii I. L . aI A 
j\ l\ v\ \ /M\ 
- 二 空 in> <aD »or lO CD ru； ？ o o o 一 |o o m 
* CO m O |c£» V -qr W s 
..r，.-f.窜.rvrnjTi. »•.�.�•*.，，•!.•?• r r t i r n i ^ f ^ r - r ^ T - f r - r y r - ^ i r t r i r r ^ r j r -f > ' f > . � � > r?-"r.rr.T»"«T，.*-r.-"r，YTTT*'»'TT-"rTTr--T-1"""f .*.»-?".rT».^ »"'»..l.，'^ 5r^ '» .t -r ？.»•«：•飞 v *•.广r，•••#. r f -
DOW 9 B " 1 6 5 A 3 2 1 0 -t 
ti^  � 卜 rfa rv "0：^  o o CO ^ un f^  ^ » ^ rw o 
7 I I I ^^^^^^^^^ 
. ’ . . . 厂 , , , C T I ! « » • r ' , • r-T-t- f - i - r - r - . ' J 'I r " i ' T .--T r-T 
OP* 130 100 PO 50 40 ？0 
Page I 135 
Appendix B 
Appendix B8 ^H and NMR spectra of compound 59d in CDCI3 
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Appendix B9 and NMR spectra of compound 62a in CDCI3 
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Appendix BIO ^H -^H COSY spectrum of compound 62a in CDCI3 
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Appendix Bll ^H and NMR spectra of compound 62b in CDCI3 
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Appendix B12 � H COSY spectrum of compound 62b in CDCI3 
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Appendix B13 ^H and NMR spectra of compound 62c in CDCI3 
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Appendix B14 ^H - H COSY spectrum of compound 62c in CDCI3 
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Appendix CI Mass spectrum of compound 58a 
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